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PREFACE 


1 


This  Lecture  Series  No .W  on  the  subject  of  Aerospace  Propagation  Media  Modelling 
and  Prediction  Schemes  lor  Modern  Communications,  Navigation,  and  Surveillance  Systems 
is  sponsored  by  the  Electromagnetic  Wave  Propagation  Panel. 

The  Lecture  Series  will  review  modelling  and  prediction  topics  which  have  been 
presented  at  a number  of  meetings  of  the  AGARD  Electromagnetic  Wave  Propagation  Panel 
in  the  last  few  years.  Modeling  and  Prediction  Schemes  of  the  aerospace  radio  and  optical 
propagation  environment  based  on  media  characterization  have  become  essential  to  meet 
requirements  of  operational  accuracies  in  communication,  navigation,  and  surveillance  in 
military  and  civilian  systems. 

The  lectures  include  the  following  topics 
General  modelling  and  prediction  schemes 

Aerospace  (atmosphere,  ionosphere,  and  the  space  environment)  media-characterization 
Short-  and  long-term  prediction  techniques  across  the  RE  and  optical  spectrum  and 
agreement  with  observational  data 

Detection  and  communications  through  scattering  channels 

Adaptability  of  prediction  techniques  to  radio  and  optical  communication,  navigation 

and  surveillance  systems  operating  in  the  aerospace  environment 

Effects  of  geophysical  disturbances  on  the  state  of  the  media  and  their  predictability 

A Round  I'able  Discussion  will  conclude  the  formal  presentations,  with  participation 
of  all  speakers.  Such  interchange  of  ideas  will  serve  as  the  basis  for  an  up-to-date  review  of 
the  state  of  the  art 
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" AEROSPACE  PROPAGATION  «DU  MO)  E LING  SCHEMES  FOB  MODERN  COMMUNICATIONS  , 

NAVIGATION  AM)  SURVEILLANCE  SYSTBB"  - AN  OVERVIEW 
by 

H.  SOI(3iER 

COtMJNlCATIONS  SYSTIMS  CENTER 
US  ARMY  COMMUNICATIONS  RU)  COMAM) 

FORT  MONMOUTH,  NJ  07703 

High- performance  currant  and  planned  ■llltary  and  civilian  ayateaa  operating  in  the  aeroapace 
anviranaant  acroaa  tha  electromagnetic  a pec  t rue  require  propagation  media  characterization  to  aeet 
reliability  and  accuracy  goala.  Tha  ataoaphere,  ionosphere,  and  the  apace  envlronaent  constitute  the 
aedia  wl-thin  which  the  EM  (including  optical)  waves  propagate.  The  operational  uaers  of  coaaunications , 
navigation,  and  surveillance  syataas  aust  have  continuous  background  Information  regarding  the  state  of 
these  aedia  aa  well  aa  their  variability  and  their  response  to  natural  disturbances.  Designers  of 
future  systeas  aust  have  long  range  eatiaates  of  propagation  paraaaters  associated  with  these  systeas. 
Further,  given  the  geographic  (and  geomagnetic)  variability  of  the  aedia  and  the  global  nature  of  today's 
and  tomorrow's  systems  tha  state-of-the-medla  information  has  to  be  given  on  a regional  aa  well  as  on  a 
global  basic. 

Tha  user  requirements  pertain  to  tha  spacif icatlon  of  medium  conditions  on  a variable  tiae  and 
space  scale.  The  user  would  like  to  know  the  state  of  the  aedlua  through  which  his  propagation  circuit 
paaaes  at  the  present  and  in  the  future.  Further,  should  any  change,  either  gradual  or  abrupt,  occur, 
the  user  would  like  to  know  how  his  circuit  is  affected  and  how  to  compensate  for  a possible  adverse 
effect.  The  system  planner  requires  long-range  (years  in  advance)  predictions,  while  the  systeas 
operator  naeds  short-term  (days  to  weaks  in  advance)  predictions  which  are  soaetlaes  referred  to  as 
forecasts. 

A way  of  obtaining  a prediction  capabilitv  is  through  the  creation  of  a model  which  encompasses 
the  important  physical  paraaeters  which  describe  the  medium,  and  whose  change  cause  a variability  in 
the  aedlua.  There  are  two  aain  types  of  aodels.  The  first  is  a morphological  (empirical)  model  which 
attempts  to  provide  a global  description  of  the  average  behavior  of  the  medium  under  given  conditions. 
This  type  of  model  is  based  on  a long-term  data  base  taken  at  many  locations  under  varying  conditions. 

The  extension  and  extrapolation  of  the  localised  measurements  to  entire  regions,  as  well  as  from  one 
set  of  conditions  to  another  is  implicit  in  the  model.  The  second  type  is  the  physical  model  which 
aims  at  a description  of  the  medium  through  the  understanding  of  the  Interrelated  physical  processes 
which  govern  the  state  of  the  media  and  its  variability.  A world-wide  long-term  measurement  program 
coupled  with  the  availability  of  large  acale  computer  systems  able  to  "digest”  the  large  quantities  of 
data  haa  greatly  advanced  the  state-of-the-art  in  empirical  modeling.  In  fact,  the  mooels  may  be 
reaching  thair  limit  in  terms  of  accuracy  of  prediction,  with  further  improvements  possible  through 
measurements  previously  unavailable  at  geophysically  unique  locations,  and  more  sophisticated  data 
evaluation  techniques.  The  physical  aodels  which  hold  a greater  -romise  of  future  improvement 
currently  suffer  from  a lack  of  total  understanding  of  the  physics  of  the  media. 

What  are  the  medium  paraaeters  that  affect  propagation  and  thus  require  characterization?  They 
are  beat  divided  by  the  system  frequency  of  operation  and  the  medium  of  traversal.  The  earth's 
atmosphere  (including  ionosphere  and  the  space  environment)  mainly  hinders  propagation.  It  provides  a 
aeana  to  guiding  propagation  energy  in  only  a few  instances.  The  two  regions  of  interest  are  the 
neutral  lower  atmosphere  - the  meteorological  regions,  and  the  ionized  upper  atmosphere  which  ranges 
from  about  60  Km  to  several  thousand  Km  from  the  earth's  surface. 

The  gaseous  lower  atmosphere  la  of  importance  in  refraction  and  tisie  delay  (due  to  its  refractive 
index  which  is  variable  in  space  and  time)  and  in  attenuation  (due  to  atmospheric  gasses)  at  frequencies 
above  10  GHz  at  all  angles  of  elevation.  Hydrometeors  (principally  rain)  are  of  importance  in 
attenuation  of  frequenciea  above  5 GHz,  and  in  the  scattering  of  Ot  energy. 

large  amplitude  fluctuation,  often  referred  to  as  multipath  fadings,  occurring  on  horizontal  or 
low-elevation  ( below  5°)  paths  result  from  either  reflection  from  the  earth's  surface  under  abnormal 
refractive  conditions,  cr  from  the  Influence  of  large  gradients  of  atmospheric  layers.  These 
fluctuations  are  the  main  factor  in  attenuation  at  frequencies  below  10  GHz.  Rapid  fluctuations  in 
signal  amplitude  (scintillations)  may  bn  produced  by  small  scale  turbulent  fluctuations  in  the  refractive 
index.  These  lnhomgenities  in  the  refractive  index  may  also  give  rise  to  scattering  of  the  waves. 

In  the  infrared  and  visible  frequency  range  the  lower  atmosphere's  mixture  of  molecules,  aerosols, 
(haze,  fog,  dust,  clouds  - anything  which  is  a suspended  particulate  in  the  atmosphere)  and  hydrometeors 
which  are  variable  in  apace  and  time,  are  the  medium  parameters.  The  relevant  propagation  effects  caused 
are  refraction,  absorption,  scattering,  turbulence  effects  and  path  radiance.  These  hold  for  a wave- 
length range  of  0.3f»"up  to  15J»m  which  covers  the  area  of  optical  and  optronical  systems. 

The  ionosphere  guides  EM  energy  at  frequencies  up  to  about  30  MHz  through  its  reflective  qualities. 

It  may  guide  higher  frequencies  due  to  scattering  ionization  irregularities.  However,  the  main 
effect,  of  the  ionosphere  at  the  higher  frequenciea  is  disruptive. 

Lew  frequency  (IF)  and  very  low  frequency  (V1F)  waves  propagate  in  a waveguide  mode  with  the  upper 
boundary  being  the  D layer  (at  about  100  Km)  and  the  lower  boundary  being  the  earth's  surface,  and  with 
electron  density  gradients  along  the  waveguide  boundaries.  Changes  in  the  time  and  space  domain  of  these 
boundaries  obviously  affects  the  propagation  characteristics.  At  the  medium  and  high  frequency  ( MF , HF) 
range  to«»30  MWz ) the  denser  ionospheric  layers,  the  E layer  and  the  F layer,  reflect  the  waves  and 
thus  guides  them. 
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At  VHP  and  above  a radio  signal  tranaalttad  along  an  aarth-apaca  path  normally  panatrataa  the 
lonoaphara  and  is  modified  by  the  preaance  of  alactrona  and  the  earth's  aagnatlc  field.  The  signal 
la  aft  acted  by  large  acale  variation  In  the  path  Intagratad  alactron  concentration  aa  well  a*  by  ene  11- 
acala  danalty  Irregular  It  lea . The  aftacta  which  are  frequency  dependent  and  genarally  decrease  with 
lncraealng  frequency  Include  scintillation  (VHP  and  above  up  to*7  GHz),  absorption,  d tract ton-of - 
arrival  variations,  propagation  t Lee -delay,  frequency  change  and  polarization  variation. 

At  VHP  and  In  the  upper  port  Iona  of  the  HP  band  aporadlc  B plays  a significant  role  In  the  scatter- 
ing radio  waves.  Ionization  Irregularities  (patches  of  Ionization  with  dens l ties  varying  from  -'71  and 
higher  froa  the  eabient  density)  also  cause  scattering  of  waves  In  these  frequency  ranges. 

Superimposed  on  the  noraal  variability  of  tha  near-earth  envlronaant  (diurnal,  seasonal,  and  solar 
cyclical  variations)  are  the  occasional  abrupt  eaisalons  of  eleetrooagnetlc  and  particulate  radiation 
from  the  sun.  These  cause  direct  and  indirect  effects  on  tha  aerospace  aedla  that  adversely  affect  the 
part oraance  of  EM  Systems.  Observation  of  tha  solar  disc  nay  be  used  for  the  prediction  of  an  oncoming 
aolar  flare  that  will  salt  a burst  of  X-rays,  radio  waves,  and  energetic  particles  - although  not 
accurately-  Solar  activity  appears  to  intensity  in  11-year  intervals  with  tha  maximum  level  due  to 
occur  in  1979-1980.  The  solar  flare  generally  gives  rise  to  bursts  of  X-ray  and  extreae  ultra  violet 
(EUV)  radiations,  a burst  of  radio  noise,  aaission  of  energetic  particles,  and  ealssion  ot  a plaaaa 
»hock  wave.  X-raya  street  tha  structure  ot  the  D layer  ot  tha  ionosphere  within  alnutes,  and  thus  nay 
serve  as  forecasters  for  future  oncoming  disturbances.  Radio  bursts,  also  almost  Instantaneous,  cause 
an  Increase  In  radio  nolaa.  EUV  bursts  aftect  the  density  structure  of  the  Ionospheric  layers.  Solar 
article  (protons,  heavier  particles,  and  electrons)  events  nay  cause  additional  ionization  at  polar 
regions.  The  most  energetic  particles  may  reach  the  earth  within  20-30  mlnutea,  and  the  effects  of 
solar  particles  nay  last  for  hours  and  up  to  several  days.  A blast  of  solar  places  into  the  inter- 
planetary space,  which  reaches  tha  earth  atter  three  or  four  days,  results  In  a geomagnetic  store, 
aurorae,  and  the  heating  of  the  neutral  atmosphere.  These  will  cause  alteration  ot  propagation 
conditions,  and  in  enhanced  optical  background  (due  to  aurorae). 

in  tha  lecture  Series  the  interrelationship  between  the  propagation  paraeaters  of  the  media  and 
tha  design  and  performance  of  current  and  future  SM  systems  operating  in  these  media  will  be  discussed. 
The  physical  structure  of  the  media  and  its  variability  under  noraal  and  disturbed  conditions  will  be 
presented.  The  modeling  of  the  aedla  and  the  prediction  of  their  state  In  order  to  assure  the 
reliability  of  system  performance  will  emerge  as  the  optleel  solution. 
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PROPAGATION  AT  MEDIUM  AND  HIGH  FREQUENCIES,  1 : PRACTICAL 
RADIO  SYSTEMS  AND  MODELLING  NEEDS 
by 

P.  A.  Bradley 

S.R.C.,  Appleton  Laboratory,  Ditton  Park,  Slough,  Berks.  SL3  9JX,  U.K. 


SUMMARY 

The  principal  phenomena  associated  with  ground  wave  and  sky-wave  propagation  at  MF  and  HF  are  dis- 
cussed.  Particular  consideration  is  given  to  transmission  loss  and  coverage  range,  the  dependence  on 
ground-reflection  properties,  the  state  of  the  ionosphere  and  the  Earth's  magnetic  field.  Regular  temporal 
changes  depending  on  time-of-day,  season  and  solar  activity,  together  with  short-term  fading  are  noted. 

The  importance  of  antenna  design  in  system  operation  is  emphasised.  Practical  usage  of  the  MF  and  HF  bands 
is  illustrated. 


A review  of  propagation  parameters  susceptible  to  modelling  is  followed  by  an  examination  of  require- 
ments for  long-term  propagation  models  for  system  design,  frequency  allocation  and  assignment.  Short- 
term models  are  shown  to  be  of  potential  value  for  frequency  management,  but  the  logistic  difficulties  of 
producing  and  disseminating  results  from  these  models  are  emphasised. 

1.  INTRODUCTION 


The  medium  and  high  frequency  bands  of  the  radio  spectrum  are  used  almost  exclusively  by  terrestrial 
services;  although  under  certain  conditions  transionospheric  propagation  is  possible,  space  services  em- 
ploy higher  frequencies  for  which  propagation  characteristics  are  more  favourable.  Ground-wave  propagation 
is  more  effective  the  lower  the  frequency,  but  there  are  difficulties  in  providing  efficient  antennas.  The 
MF  band  (300  kHx-3  MHz ) is  particularly  suitable  for  sound  broadcasting.  HF  (3-30  MHz)  ground-wav^  signals 
are  of  value  in  certain  mobile  services  requiring  only  a relatively  short  coverage  range.  Reflection  from 
the  ionosphere  provides  a means  of  long-distance  propagation  that  has  been  exploited  at  HF  since  the 
earliest  days  of  radio.  MF  sky-wave  signals  are  usually  only  significant  at  night  because  of  the  large  day- 
time ionospheric  absorption;  they  tend  to  be  a nuisance  rather  than  supporting  a primary  service,  but  none- 
theless their  propagation  characteristics  need  to  be  known. 

The  principal  propagation  phenomena  encountered  at  MF  and  HF  are  reviewed  t ground-wave  propagation  is 
considered  in  Section  2 and  sky-wave  propagation  in  Section  3.  Section  4 gives  particular  consideration  to 
current  usage  of  these  frequency  bands  and  in  Section  5 parameters  susceptible  to  modelling  are  discussed. 
Some  reference  ground-wave  models  formulated  by  the  Interna tional  Radio  Consultative  Committee  (CC1R)  of 
the  International  Telecommunication  Union  (ITU)  are  presented.  Sky-wave  models  are  examined  in  depth  in 
the  companion  account*.  In  Section  6 the  requirements  for  propagation  models  are  considered. 

2.  GROUND-WAVE  PROPAGATION  AT  MF  AND  HF 


in  the  case  of  propagation  over  a plane  earth  between  elevated  transmitting  and  receiving  antennas 
the  received  signal  is  the  resultant  of  a direct  and  a ground- ref lected  wave.  The  amplitude  of  the  direct 
wave  falls  inversely  with  distance  as  in  tree  space.  The  resultant  of  these  two  waves,  depends  on  their 
difference  in  path  lengths  and  on  the  ground-reflection  properties.  At  reflection  there  is  loss  of  ampli- 
tude and  change  of  phase. 


Fresnel  theory  leads  to  expressions  for  the  ground- ref lection  coefficient  p in  terms  of  wave  frequency 
f,  elevation  angle  A and  the  electrical  properties  of  the  ground,  characterised  by  its  relative  dielectric 
constant  € and  conductivity  a.  For  horizontally  polarised  waves 


ain  A - (n2  - cos2  A)^ 
sin  A ♦ (n2  - cos2  A)? 
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and  for  vertically  polarised  waves 


PV 
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r.  sin  A - (n  - cos  A)* 

n2  sin  A ♦ (n2  - cos2  A)5 
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where  n is  the  complex  refractive  index  given  as 


n2  = 


180CO 

~T~  * a 
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■nd  when  f is  expressed  in  megahertx  »nd  . in  Siemens/metre,  t end  o depend  on  the  nature  of  the  soil,  but 
are  also  a function  of  its  moisture  content  and  temperature,  wave  frequency,  general  geological  structure 
of  the  ground,  effective  depth  of  penetration  and  lateral  spread  of  the  waves. 

The  moisture  content  of  the  ground  is  probably  the  major  factor  determining  its  electrical  constants, 
but  temperature  changes  are  also  important,  As  temperature  is  reduced  conductivity  decreases,  but  the 
effect  on  the  dielectric  constant  is  small  down  to  freezing  point;  then  there  is  a large  reduction  in  both 
constants,  Vaves  of  different  frequency  penetrate  the  earth  to  different  depths.  At  MF  penetration  depths 
of  tha  order  of  15  metres  occur  whereas  at  HF  these  are  only  one  or  two  metres.  Since  annual  temperature 


variations  decrease  rapidly  with  depth,  reflection  properties  at  MF  are  relatively  stable,  whereas  at  HF 
and  greater  frequencies  marked  changes  tend  to  arise.  The  CCIR  has  adopted  reference  values  of  ground 
constants  for  a range  of  conditions^.  There  is  no  variation  of  < with  frequency  at  MF  and  HF.  It  is 
taken  as  80  for  tresh  and  pure  water  at  20°C,  70  for  sea  water  at  20°C,  30  for  wet  ground,  15  for  medium- 

dry  ground  and  3 for  very  dry  ground  and  ice.  o for  these  conditions  is  as  shown  in  Figure  1. 

The  radio  energy  received  does  not  travel  solely  via  a single  ground- ref  lection  point,  but  rather  by 
a large  number  of  indirect  paths  distributed  about  the  geometrical  reflection  position.  It  is  necessary 
therefore  to  consider  the  constants  of  the  ground  over  an  area  covered  by  the  lateral  spread  of  the  wave 
paths.  No  definite  limits  can  be  ascribed  to  this  area  but  it  is  taken  as  the  first  Fresnel  half-wave 
zone.  This  consists  of  an  elliptical  area  containing  the  geometrical  reflection  point  and  within  which 
contributions  from  all  other  points  lag  in  phase  by  180°  or  less.  Contributions  from  within  the  zone  re- 
inforce each  other,  but  contributions  from  points  outside  the  zone  differ  widely  in  phase  and  tend  to  cancel. 
Thus  the  contributions  from  within  the  zone  are  mainly  responsible  for  the  reflected  wave,  and  the  size  of 
the  zone  therefore  influences  its  field  strength.  Hence  eq.  (3)  is  frequency  sensitive.  Although  surface 
objects  and  undulations  have  no  direct  influence  on  the  constants  of  the  ground  itself,  they  can  reduce 
the  reflection  coefficient;  the  effects  of  such  energy  losses  may  be  taken  into  account  by  using 
appropriately  modified  values  of  the  ground  constants. 

The  first  Fresnel  half-wave  zone  ellipse  has  the  transmitter  and  receiver  positions  as  its  foci  and 
major  and  minor  axes  of  length  (D  + A/2)  and  /DA  respectively,  where  D is  the  length  of  the  direct  path 
and  A is  the  wavelength.  Hence  as  D changes  so  the  Fresnel  zone  size  and  the  resulting  signal  strength 
vary.  For  finite  transiui tter- receiver  separations  the  area  of  the  ellipse  is  less  than  if  the  antennas 
have  Infinite  separation,  for  which  eqs.  (1)  and  (2)  apply.  Reductions  in  area  on  typical  paths  at  VHF 

and  higher  frequencies  are  usually  less  than  10%  and  the  above  models  are  adequate.  However,  at  MF  and 

sometimes  also  at  HF  a correction  term  must  be  applied.  The  derivation  of  this  correction  was  first 
formulated  by  Sommerfeld^  in  1909  and  has  been  expressed  in  convenient  form  by  Norton  . The  direct  and 
ground-reflected  waves  are  together  known  as  the  space  wave.  The  correction  term  can  be  identified  with 
a further  wave  known  as  the  surface  wave  produced  by  energy  travelling  close  to  the  ground.  The  surface 
wave  is  so  called  because  it  is  the  only  wave  present  when  both  antennas  are  a small  fraction  of  a wave- 
length above  the  ground.  Under  these  conditions  the  two  components  of  the  space  wave  have  equal  magni- 
tude and  opposite  phase  and  so  give  zero  resultant. 

Extension  of  the  above  theory  to  a spherical  Earth  was  first  undertaken  by  van  der  Pol  and  Bremner** 
and  results  have  been  presented  in  convenient  form  by  Norton^.  The  surface  wave  is  diffracted  to  follow 
the  curvature  of  the  Earth.  The  diffraction  is  dependent  on  the  ratio  of  the  wavelength  to  the  Earth’s 
radius,  decreasing  steadily  as  the  wavelength  is  decreased.  This  means  that  surface  waves  are  weaker  at 
the  higher  frequencies.  Diffraction  is  also  influenced  by  the  imperfect  conductivity  of  the  ground. 

Energy  is  absorbed  by  currents  induced  in  the  Earth  so  that  energy  flow  takes  place  from  the  wave  down- 
wards. This  produces  wavefront  tilting  and  the  bending  of  the  wave  is  assisted.  The  loss  of  energy 
dissipated  in  the  Earth  leads  to  attenuation  dependent  on  conductivity  and  dielectric  constant.  At  MF 
with  wavelengths  of  around  a kilometre  elevated  transmitting  antennas  are  impracticable  and  vertical 
radiators  are  used.  For  horizontal  polarisation  with  low  antennas  not  only  do  the  direct  and  ground- 
reflected  waves  cancel,  but  the  theory  shows  that  the  surface  wave  suffers  very  rapid  distance  attenuation. 


Now  the  space  wave  is  al 
function  of  height  above  the  ; 
layers,  this  refraction  can  b< 
radius  in  excess  of  the  true 
the  thickness  of  atmosphere  t 
refraction;  hence  the  true  ,Ea 
ground-wave  propagation.  Thi 
a frequency-dependent  factor, 
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so  influenced  by  atmospheric  refraction  because  the  refractive  index  is  a 
ground.  Assuming  a spherical  Earth  surrounded  by  concentric  refracting 
e taken  into  account  in  the  calculations  by  giving  the  Earth  an  effective 
radius.  At  VHF  and  UHF  this  is  1.33  times  the  actual  radius.  At  VLF,  however, 
raversed  is  small  compared  with  the  wavelength  and  there  is  no  significant 
rth  radius  must  be  used.  At  LF.  MF  and  HF  the  atmosphere  has  some  effect  on 
s has  been  studied  by  Rotherham',  who  has  shown  that  it  can  be  allowed  for  by 
At  1 MHz,  for  example,  the  effective  radius  is  about  1.25  times  the  true 
sed  in  a text  of  the  CCIR**. 


For  practical  purposes  there  is  no  need  to  apply  the  detailed  theory  repeatedly  and  families  of 
reference  propagation  curves  have  been  produced.  In  the  past  the  CCIR  has  published  sets  of  curves  based 
on  the  true  Earth  radius.  Figure  2 shows  a sample  of  these  for  a selection  of  frequencies  with  propagation 
over  jdry  ground  ( o =*  10"**  S/m,  f = 4)  in  comparison  with  an  inverse  distance  attenuation.  The  cur  s re- 
late to  the  vertical  component  of  the  electric  field'in  the  case  of  a transmitter  dipole  moment  equivalent 
to  1 kW  radiation  from  a short  vertical  grounded  monopole  antenna  above  a perfectly  conducting  ground 
(corresponding  to  a cymomotive  force  of  300  Volts).  Other  curves  produced  by  the  Federal  Communications 
Commission  in  the  U.S.A.  for  these  frequencies  assume  an  effective  Earth  radius  factor  of  1.33.  The  CCIR 
now  recommends  use  of  a frequency-dependent  factor^  and  is  in  course  of  implementing  a computer  program 
based  on  this;  it  plans  to  publish  curves  in  due  course. 

» * 

All  curves  relate  to  a given  set  of  ground  constants  over  the  entire  path,  a condition  rarely  met  in 
practice.  For  an  all-land  path  with  variable  ground  constants,  sufficient  accuracy  can  normally  be 
obtained  by  using  the  propagation  curve  Appropriate  to  weighted  mean  values  of  these  constants.  This 
approach  is  not  sufficiently  accurate,  however,  for  mixed  land-sea  patfts  because  of  the  marked  differences 
in  the  constants.  Instead  an  empirical  method  of  evaluation  developed  by  Millington10  is  recommended.  In 
this,  sections  of  curves  corresponding  to  the  lengths  of  path  traversed  with  different  sets  oT  ground 
constants  are  combined  to  produce  a continuous  single  curve  and  an  estimate  of  the  received  signal 
strength  thereby  derived.  The  strength  should  be  independent  of  direction  of  propagation,  and  so  the 
process  is  repeated  for  propagation  in  the  reverse  direction  and  a mean  of  the  two  sets  of  results  taken. 
This  method  may  also  be  used  for  propagation  over  land  where  different  conditions  apply  on  separate 
sections  of  the  path. 

As  already  noted,  for  antennas  close  to  the  ground  and  vertically  polarised  radiation  the  direct  and 
ground- ref lected  waves  approximately  cancel  because  of  the  phase  reversal  of  the  latter  during  reflection. 
As  the  antenna  heights  are  increased  there  is  a further  phase  change  of  the  reflected  ray  due  to  the  extra 
raypath  length  so  that  these  two  components  no  longer  cancel.  Hence  the  resultant  signal  must  be  computed 
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« * the  vector  sum  of  the  space  and  surface  waves.  The  effect  may  be  modelled  through  so  called  height- 
gain  factors  applied  to  the  estimated  surface-wave  field  strengths.  Since  the  surface  wave  intensity  is 
reduced  at  the  higher  frequencies,  so  the  height-gain  factor  is  increased.  For  antenna  elevations  which 
are  a small  fraction  of  a wavelength  there  is  little  change  of  field  strength,  but  for  typical  heights  of 
antennas,  height-gain  factors  can  be  significant  at  frequencies  above  about  5 MHz.  They  can  also  be  of 
importance  at  LF  and  MF  when  applied  to  links  to  aircraft. 

Other  phenomena  influencing  ground-wave  propagation  should  be  mentioned  associated  with  obstacles 
along  the  path.  Propagation  in  wooded  terrain  can  lead  to  additional  signal  absorption  and  this  has  been 
shown  to  vary  with  season  depending  on  the  amount  of  foliage  and  with  whether  the  leaves  are  wet  or  snow 
covered.  The  effect  is  most  pronounced  at  VHF  and  UHF^  but  is  also  apparent  at  HF . Although  practical 
data  exist,  empirical  models  to  quantify  this  are  limited.  Buildings  and  hilly  or  mountainous  terrain 
cause  wave  reflection,  diffraction  and  absorption^.  Again  fortunately  at  MF  and  HF  these  are  not  so 
serious  as  at  higher  frequencies  where  more  obstacles  have  a size  comparable  with  a wavelength.  The  effects 
of  isolated  features  such  as  mountain  ridges  may  be  modelled  mathematically  assuming  knife-edge 
diffraction^.  More  commonly  though  resultant  fields  are  subject  to  composite  factors  and  it  is  difficult 
to  model  these,  other  than  to  fit  empirical  relationships  to  a wide  range  of  measured  data. 

3.  SKY-WAVE  PROPAGATION  AT  MF  AND  HF 

It  is  customary  to  say  that  the  ionospheric  layers  reflect  radio  waves,  but  more  accurately  these 
waves  experience  successive  refraction  in  regions  of  differing  electron  concentration  and  therefore  of 
differing  refractive  index.  The  refractive  index  is  always  less  than  unity  and  usually  decreases  with  in- 
crease of  height  so  that  the  waves  become  bent  away  from  the  vertical.  The  net  effect  may  lead  to  re- 
flection. Magnetoionic  theory  provides  equations  for  the  refraction  in  a thin  slab  of  ionosphere.  This 
refraction  depends  not  only  on  the  electron  concentration  but  also  on  the  angle  of  incidence  and  the  wave 
frequency,  since  the  ionosphere  is  a dispersive  medium.  It  is  greater  the  lower  the  frequency  and  the  more 
oblique  the  wave  or  ray. 

Figure  3 shows  the  raypaths  via  the  same  single-layer  model  ionosphere  for  rays  at  three  separate 
frequencies  launched  with  a series  of  different  elevation  angles  from  a ground-based  transmitter.  A 
number  of  features  are  apparent  - 

(i)  for  the  lowest  frequency  there  is  sufficient  ionisation  present  to  reflect  the  waves  at  all 

elevation  engles,  including  the  vertical;  at  the  higher  frequencies,  rays  launched  with  an 
elevation  greater  than  some  critical  value  escape  from  the  ionosphere  and  travel  into  space 

(ii)  waves  launched  more  obliquely  in  most  cases  travel  to  greater  ranges 

(ill)  waves  suffer  more  refraction  at  the  greater  heights 

(iv)  waves  of  higher  frequency  are  reflected  from  a greater  height 

(v)  waves  launched  more  obliquely  are  reflected  from  a lower  height. 

In  this  example,  the  curvature  of  the  Earth  is  taken  into  account  and  it  is  assumed  that  the  same  iono- 
sphere exists  at  all  ranges  from  the  transmitter  and  is  concentric  with  the  Earth.  If  follows  that  the 
maximum  range  attainable  after  one  ionospheric  reflection  arises  for  rays  launched  at  grazing  incidence 
and  that  this  depends  on  the  height  and  form  of  the  model  ionosphere  and  on  the  wave  frequency.  Changes 
with  frequency  and  model  form  tend,  however,  to  be  of  a secondary  nature,  and  the  principal  dependence  is 
on  the  layer  height  of  maximum  electron  concentration.  For  typical  E,  FI  and  F2-layers,  the  maximum  range 
is  2000,  3400  and  4000  km  respectively.  Whilst  undoubtedly  greater  ranges  are  sometimes  possible,  the 
above  values  represent  practical  upper  limits  when  account  is  taken  of  poor  antenna  performance  at  low 
elevation  angles  and  its  influence  on  signal  strength. 

Because  of  the  presence  of  the  Earth's  magnetic  field,  the  ionosphere  is  a doubly  refracting  medium. 
Magnetoionic  theory  shows  that  there  are  two  separate  waves  with  differing  but  related  polarisations  that 
once  excited  can  propagate  within  it.  The  polarisations  change  as  these  waves  progress  and  are  dependent 
on  frequency  and  ray  direction,  the  electron  concentration  and  collision  frequency,  and  the  strength  and 
direction  of  the  field.  In  general  the  polarisations  are  elliptical  with  the  so-called  ordinary  (0)  wave 
having  an  anticlockwise  sense  of  vector  rotation  viewed  in  the  direction  of  propagation  for  an  angle  of 

less  than  n/2  between  the  ray  and  field  directions.  For  these  conditions  the  other  wave,  the  extra- 

ordinary (X)  wave,  has  a clockwise  vector  rotation.  The  0 and  X wave  vector  rotation  senses  reverse  for 
greater  angles  between  the  ray  and  field  directions.  The  0 and  X waves  experience  different  amounts  of 
refraction  so  that  once  excited  at  the  base  of  the  ionosphere  they  travel  independently  along  somewhat 
displaced  raypaths.  Fortunately  for  prediction  purposes  the  0-wave,  which  at  HF  suffers  less  absorption 
and  so  is  usually  the  stronger  and  hence  the  more  important,  tends  to  follow  a path  which  is  nearly  that 
which  would  arise  if  there  were  no  field. 

Returning  to  Figure  3,  it  is  noted  that  for  a given  ionosphere  there  will  be  some  limiting  upper 
frequency  which  is  reflected  vertically.  For  this  frequency  the  reflection  occurs  at  the  height  of  maxi- 
mum electron  concentration.  The  frequency  is  known  as  the  critical  frequency.  At  frequencies  above  the 
critical  frequency  there  is  a ground  distance  out  from  the  transmitter  at  points  along  which  illumination 

is  not  possible  by  waves  reflected  from  the  ionosphere.  This  distance  is  known  as  the  skip  distance.  The 

skip  distance  increases  as  the  wave  frequency  increases  and  in  the  limit  for  a very  high  frequency  can  ex- 
tend to  the  maximum  ground  range  possible  for  rays  launched  at  grazing  incidence;  in  that  case  all  rays 
escape  into  space. 

It  follows  for  a fixed  point  of  reception  that  there  is  some  maximum  frequency  at  which  the  waves  can 

be  reflected  to  it.  This  is  the  frequency  making  the  distance  from  the  transmitter  to  the  point  equal  to 

the  skip  distance.  The  frequency  is  known  as  the  maximum  usable  frequency  (MUF).  A distinction  is  made 
between  the  classical  MUF  which  is  the  highest  frequency  providing  illumination  by  the  above  means  and  the 
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s tanda rd  HUF  which  is  an  approximation  to  it  determined  by  some  modelling  technique  such  as  the  use  of 
vertical-incidence  ionospheric  sounding  data  with  an  approximate  distance-conversion  factor,  as  discussed 
in  Part  2^.  The  HUF  Increases  with  ground  distance*  Clearly  it  depends  also  on  the  amount  of  ionisation 
present  - if  the  critical  frequency  is  doubled,  so  will  be  the  MUF  for  all  distances.  It  depends  too  on 
the  height  of  the  ionosphere  since  the  determining  factor  as  to  whether  reflection  or  transmission  occurs 
is  the  angle  of  incidence  at  the  layer.  The  same  incidence  angle  yields  different  ground  ranges  lor 
different  layer  heights.  The  greater  the  layer  height,  the  steeper  the  angle  of  incidence  to  achieve 
propagation  to  a fixed  range,  and  therefore  the  lower  the  MUF.  This  means  that  although  the  critical 
frequency  of  the  E-layer  is  less  than  that  of  the  Fl-layer  which  in  turn  is  less  than  that  of  the  F2-layer, 
sometimes  the  E-ML'F  can  be  the  greatest  of  the  three  separate  layer  MUF's.  This  is  most  likely  to  be  the 
case  in  the  summer  daytime  at  low  solar  epochs  (when  the  ratio  of  E to  F2  critical  frequencies  is  greatest) 
over  path  ranges  of  1000-2000  km.  Again,  the  Fl-ML’F  may  exceed  the  F2-MUF  beyond  the  maximum  E range  at 
distances  of  2000-3C00  km.  Since  the  Earth's  field  leads  to  the  production  of  0 and  X waves  which  follow 
different  raypaths,  these  waves  also  have  differing  MUF's.  The  0 wave  is  refracted  less  than  the  X wave, 
becomes  reflected  from  a greater  height  and  so  has  a lower  critical  frequency  and  MUF.  For  propagation 
between  a pair  of  fixed  terminals  the  path  MUF  is  the  greatest  of  the  individual  MUF's  for  reflection 
from  the  different  layers.  This  frequency  undergoes  systematic  variations  with  time-of-day,  season  and 
solar  epoch  as  the  electron  concentration  and  layer  heights  vary;  there  are  also  large  day-to-day  changes 
which  create  problems  for  modelling.  Figure  4 shows  the  maximum  observed  frequency  (MOF)  on  a sample  path 
recorded  in  a single  month  using  an  oblique  sounder  and,  for  comparison,  the  estimated  monthly  median 
standard  HIT  determined  by  conventional  modelling  techniques. 

Now  consider  propagation  to  some  point  beyond  the  skip  distance.  Figure  3 shows  that  as  the  elevation 
angle  is  increased  at  a fixed  frequency,  rays  travel  to  shorter  ground  ranges  until  the  skip  distance  is 
reached.  Rays  of  slightly  larger  elevation  angle  do  not  penetrate  the  ionosphere  into  space  because, 
contrary  to  a popular  misconception,  ray  apogee  at  the  MUF  is  below  the  height  of  maximum  electron  con- 
centration, except  in  the  limiting  case  of  vertical  incidence  i.e.  propagation  to  zero  ground  range.  These 
larger  elevation  rays  are  then  reflected  from  a greater  height,  and  they  travel  back  to  ground  at  increased 
range  by  virtue  of  having  a significant  length  of  near-horizontal  path  close  to  apogee.  In  piinciple  such 
so-called  high-angle  or  Pedersen  rays  can  exist  out  to  a limiting  ground  range  where  ionospheric  reflection 
is  from  the  layer  maximum.  This  limiting  range  can  exceed  that  of  the  low-angle  ray  and  may  well  be  in 
excess  of  7300  km  in  temperate  regions  and  10,000  km  in  equatorial  regions^.  The  band  of  elevation  angles 
providing  high-angle  rays  is  usually  only  a few  degrees.  .There  is  then  a range  of  ground  distances  at  all 
points  along  which  there  are  both  low  and  high-angle  rays.  The  path  length  through  the  ionosphere  of  the 
high-angle  ray  exceeds  that  of  the  low-angle  ray  by  an  amount  which  increases  when  moving  out  from  the  skip 

distance.  So  the  strength  of  the  high-angle  ray  tends  to  be  less  that  of  the  low-angle  ray  both  because  of 

increased  spatial  attenuation  and  also,  particularly  in  the  case  of  reflection  from  the  E-layer,  because  of 
increased  ionospheric  absorption.  It  is  usual  then  in  practice  that  signa 1- strength  considerations  deter- 
mine the  effective  upper  ground-range  limit  of  the  high-angle  ray.  Conversely  for  propagation  to  a fixed 
ground  range,  there  is  a band  of  frequencies  below  the  MUF  over  which  the  high-angle  ray  has  appreciable 
amplitude.  As  the  frequency  is  reduced  from  the  MUF  so  the  excess  path  length  and  excess  group-path  length 
of  the  high-angle  ray  relative  to  the  low-angle  ray  increase,  whilst  at  the  same  time  the  differential 
absorption  also  rises.  The  presence  of  two  rays  with  different  group-path  lengths  is  a disadvantage  for  it 

gives  rise  to  signal  distortions.  Since  the  low  and  high-angle  rays  merge  at  the  MUF,  this  frequency  is 

sometimes  alternatively  known  as  the  junction  frequency  JF.  Both  the  0 and  X waves  have  their  own  separate 
families  of  high-angle  rays  and  associated  JF's.  Figure  3 shows  an  oblique-incidence  ionogram  recorded 
over  a 6700  km  path  in  which  propagation  time  is  displayed  as  a function  of  wave  frequency.  The  separate 
traces  are  associated  with  signals  successively  reflected  twice,  three  and  four  times  from  the  F2  region 
and  being  sustained  by  intermediate  ground  reflections.  The  corresponding  junction  frequencies,  labelled 
2F2JF,  3F2JF  and  4F2JF  respectively,  together  with  the  high-angle  rays,  can  be  seen.  In  this  example  there 
is  some  smearing  of  the  record  in  the  region  of  the  JF's  which  is  attributed  to  ionisation  gradients  along 
the  path. 

Aside  from  signal-strength  considerations,  for  a particular  propagation  path  to  be  possible,  i.e.  that 
mode  to  be  present,  the  wave  frequency  must  be  below  the  MUF  and,  in  the  case  of  F-modes,  also  the  lower 
ionosphere  must  not  screen  or  blanket  it.  Screening  of  the  lF2-mode,  but  not  of  the  2F2-mode  because  of 
the  lesser  path  obliquity,  is  a common  summer  daytime  occurrence  at  certain  frequencies.  The  strongest  or 
dominant  mode  on  a long  path  is  usually  the  lowest-possible  order  F2-mode  unless  the  antennas  discriminate 
against  this.  Higher-order  F2-modes  traverse  the  ionosphere  a greater  number  of  times  to  become  more 
absorbed  and  also  experience  more  ground  reflections,  so  that  they  tend  to  be  weaker.  A given  range  can 
be  spanned  by  fewer  F than  E-hops.  Modes  involving  more  than  two  reflections  from  the  E-layer  are  rarely 
of  importance.  Reflections  from  the  Fl-layer  arise  only  under  restricted  conditions  and  the  1F1  mode  is 
less  common  than  the  IE  and  1F2  modes.  The  1F1  mode  can  be  important  at  ranges  of  2000-3400  km,  partic- 
ularly at  high  latitudes.  Multiple-hop  FI  modes  are  very  rare  in  practice  because  the  necessary  iono- 
spheric conditions  to  support  an  Fl-layer  reflection  do  not  tend  to  occur  simultaneously  at  separated 
positions. 

So  far,  no  discussion  has  been  made  of  the  effects  of  geographical  changes  in  ionisation.  These  cause 
so-called  mixed  modes  with  successive  reflection  from  different  layers.  Mixed  modes  are  a common  feature 
of  transequatorial  paths  and  east-west  paths  across  a daylight-darkness  boundary.  Figures  6(a)  and  (b) 
show  cases  of  a 1F2  + IE  mode  for  an  eastwards  path  at  dawn  and  of  a IE  + 1F2  mode  arising  at  dusk.  (Modes 
are  labelled  in  succession  outwards  from  the  transmitter).  Other  more  complex  examples  of  mixed  modes  are 
those  involving  upwards  reflection  from  the  E-layer  between  two  F-ref lections,  known  as  M-modes  (Figure  6 
<c)). 


Now  geographical  changes  in  ionisation  of  a smaller  scale  size  influence  raypaths  on  single  hops. 

These  changes  are  variously  referred  to  as  ionisation  gradients,  horizontal  gradients,  or  ionospheric  tilts. 
They  cause  the  upwards  and  downwards  legs  of  a hop  to  differ  in  length  and  they  modify  their  directions 
so  that  the  equivalent  triangular  path  must  be  regarded  as  involving  reflection  from  a tilted  plane  mirror. 
Longitudinal  tilts  (Figures  7(a)  and  (b))  produce  differences  in  the  elevation  angles  on  the  two  legs; 
lateral  tilts  give  rise  to  off-great-circle  paths.  Longitudinal  tilts  are  usually  the  more  important  be- 
cause they  can  give  rise  to  changes  in  propagation  modes.  Lateral  deviations  are  generally  small  in 


comparison  with  antenna  beamwidths.  An  exception,  even  tor  propagation  via  the  regular  modes,  where  iono- 
spheric tilts  lead  to  marked  departures  from  the  great-circle-path,  arises  when  the  transmitter  and  re- 
ceiver are  almost  antipodal*  Simultaneous  propagation  may  then  take  place  in  several  directions  and  the 
dominant  mode  direction  may  vary  with  time  of  day,  season  and  frequency.  An  effective  tilt  may  result 
from  geographical  changes  in  either  electron  concentration  or  layer  height.  For  an  upwards  ray  of  elevation 
angle  A a longitudinal  plane-mirror  tilt  9 results  in  a downwards  ray  of  elevation  angle  A i 29 , i.e. 
there  is  a difference  of  20  for  the  two  legs  in  the  sense  indicated  in  Figures  7 (a)  and  (b).  It  follows 
that  longitudinal  tilts  modify  the  MIJF  over  a fixed  path  length.  On  long  paths  with  low  elevation  angles 
these  longitudinal  tilts  can  give  rise  to  modes  Involving  multiple  reflection  from  the  ionosphere  without 
intermediate  ground  reflection  (Figure  7 (c)).  In  such  cases,  if  ray  perigee  at  the  middle  of  the  path 
is  within  the  ionosphere  and  above  the  l)  and  lower  E regions  there  is  little  resulting  absorption  so  that 
received  signals  are  relatively  strong.  Hence  these  so-called  perigee  modes  can  be  Important  on  long 
paths,  particularly  across  the  equator  and  at  high  latitudes  where  significant  ionisation  gradients 
commonly  exist.  Associated  with  perigee  modes  are  ground  dead  zones,  additional  to  the  skip  zone,  lor 
which  ray path  illumination  is  not  possible. 

In  addition  to  propagation  modes  resulting  from  ionospheric  reflections,  there  are  others  associated 
with  scattering  and  ducting.  Various  mechanisms  are  believed  involved  and  so  it  is  not  surprising  that 
there  are  uncertainties  in  the  interpretation  of  particular  observational  data  and  therefore  in  assessing 
the  relative  importance  of  the  different  phenomena.  These  create  modelling  difficulties.  Signals  are 
scattered  by  ionospheric  irregularities  In  the  I),  E and  F-regions  - patches  of  varying  electron  con- 
centration such  as  those  which  give  rise  to  the  phenomena  observed  on  vertical-incidence  ionograms  known 
as  sporadic-E  and  spread-F.  The  scattering  may  result  in  onwards  propagation  (forward  scatter),  deviation 
out  of  the  great  circle  ( sidescat ter)  or  return  along  the  same  path  (backscatter) . Ionospheric  scatter 
modes  are  usually  weaker  that*  the  corresponding  reflected  modes  at.d  they  tend  to  fade  more.  However,  they 
are  Important  at  the  higher  frequencies  of  the  HF  baud  since  they  enhance  the  practical  (operational  MUF) 
so  that  it  exceeds  the  classical  MUF.  Their  geographical  and  temporal  occurrence  is  governed  by  the 
incidence  of  the  irregularities.  Sporadlc-E  is  most  prevalent  at  low  latitudes  in  the  daytime  and  at 
auroral  latitudes  by  night.  It  tends  t"  be  opaque  to  the  lower  HF  waves  and  partially  reflecting  at  the 
higher  frequencies.  F-region  irregularities  can  exist  simultaneously  over  a wide  range  of  heights.  They 
are  found  at  all  latitudes,  but  are  particularly  common  at  low  latitudes  In  the  evenings  where  their 
occurrence  is  related  to  rapid  changes  in  the  height  of  the  F-region.  Hence  forward-scatter  modes 
associated  with  the  vertical-incidence  ionogram  phenomenon  of  spread-F  are  important  on  long  trans- 
equatorial  paths.  F-region  irregularities  are  field  aligned  and  sidescatter  from  these  has  been  observed 
on  paths  at  high  and  low  latitudes;  in  some  instances  the  received  signals  were  incident  simultaneously 
from  a range  of  directions. 

Normal  ground  terrain  is  sufficiently  rough  that  it  too  scatters  significant  signal  power  out  of  the 
great-circle  direction.  Ground  sidescatter  and  backscatter  result.  Since  sidescatter  paths  are  longer 
than  the  more  direct  routes,  they  tend  to  have  correspondingly  greater  MUF's.  There  is  some  practical 
evidence  supporting  a dependence  of  signal  intensity  on  scattering  angle  and  whether  sea  or  land  is  in- 
volved. The  backscatter  mechanism  Is  of  value  in  providing  a means  of  remote  probing  (e.g.  studying  the 
state  of  the  sea)  or  for  monitoring  ionospheric  conditions.  Special  backscatter  sounders  can  be  used  to 
determine  the  skip  distance  and  deployed  in  support  of  systems  operation.  It  is  believed  that  another 
mechanism  for  wave  propagation  in  the  ionosphere  concerns  chanelling  as  in  a waveguide.  This  waveguide 
may  be  formed  within  the  F-lavet  and  have  an  upper  but  no  lower  boundary,  being  sustained  by  the  concave 
ionosphere,  or  it  may  be  s double-walled  duct  in  the  electron-concentration  minimum  between  the  E and  F- 
regions.  The  waveguide  is  sometimes  known  as  a whispering  gallery.  Signal  coupling  into  the  waveguide 
is  assumed  to  involve  ionospheric  tilts  like  those  which  develop  in  the  twilight  periods  or  to  be  caused 
by  the  existence  of  ionisation  Irregularities  such  as  Es  or  those  responsible  for  spread-F.  A further 
ducted  type  of  signal  propagation  occurs  along  columns  ol  field-aligned  ionisation.  Figure  H illustrates 
a number  of  the  separate  propagation  features  discussed  in  the  above  paragraphs  arising  on  paths  at  high 
latitudes. 


Mention  has  been  made  of  ionospheric  absorption.  This  arises  from  Inelastic  collisions  between  the 
free  electrons,  oscillating  under  the  influence  of  the  incident  radio  wave  and  the  neutral  and  ionised 
constituents  of  the  atmosphere.  Expressions  for  the  absorption  are  given  from  magnetoionic  theory1-'*10. 
For  propagation  along  the  direction  of  the  Earth’s  magnetic  field  the  absorption  in  decibels  L(fy)  at 
vertical  incidence  in  traversing  a height  region  h at  a wave  frequency  fy  is  given  as 
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where  K is  a constant  of  proportionality,  N is  the  electron  concentration,  v is  the  collision  frequency, 
p is  the  refractive  index  and  f^  is  the  electron  gyro frequency.  This  equation  applies  approximately  over 
a considerable  range  of  wave  directions  with  f,  taken  as  the  electron  gyro f rcquency  about  the  component 
of  the  Earth's  magnetic  field  along  the  direction  of  propagation.  The  positive  sign  is  taken  for  the  0- 
wave  and  the  negative  sign  for  the  X-wavc.  For  ground-based  reflection  the  Limits  of  integration  are  from 
the  base  of  the  ionosphere  to  the  height  of  wave  reflection.  For  propagation  at  oblique  incidence  the 
absorption  is  proportionately  increased  because  of  the  greater  lengths  of  path  traversed.  Inspection  of 
eq.  (4)  shows  t 

(1)  the  absorption  in  a given  slab  of  ionosphere  is  proportional  to  the  product  of  electron  con- 
centration and  collision  frequency.  Electron  concentration  Increases  with  Increase  of  height 
whereas  the  collision  frequency  for  electrons,  which  is  proportional  to  the  atmospheric  pressure, 
decreases.  Hence  the  absorption  reaches  a maximum  in  the  lower  E-region  with  most  of  the  con- 
tribution to  the  total  absorption  occurring  in  the  D-region. 
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large  amounts  of  additional  absorption  arise  near  the  height  of  reflection  where  v is  small 


This  is  known  as  deviative  absorption  in  contrast  to  the  non-devia tive  absorption  in  regions 
where  there  is  little  refraction. 

(iii)  absorption  decreases  with  increase  of  frequency. 

(iv)  the  O-wave  absorption  is  less  than  that  of  the  X-wave  and  differences  are  accentuated  the  lower 

the  frequency,  provided  the  first  term  of  the  denominator  of  eq.  (4)  remains  dominant. 

Some  of  the  above  features  can  be  seen  in  the  data  of  Figure  9 showing  estimated  values  of  oblique- 
path  ionospheric  absorption  at  two  high  frequencies  in  different  seasons.  The  absorption  is  low  at  night- 
time because  of  the  reduced  D and  E-region  ionisation.  The  non-devia tive  absorption  reaches  a maximum 
around  local  noon  in  the  summer,  but  the  influence  of  deviative  absorption  can  modify  the  resultant 
seasonal  variation.  Ionospheric  absorption  is  one  of  the  most  important  factors  influencing  received  sky- 
wave  signal  strengths  at  MF  and  HF  so  that  accurate  methods  of  modelling  it  are  needed.  There  are 
particular  difficulties  at  MF  because  raypath  reflection  heights  of  around  85-90  km  are  common  and  much  of 
the  absorption  is  deviative  absorption  occurring  within  2-3  km  of  ray  apogee.  Such  electron-concentration 
data  as  exist  at  these  heights  display  considerable  irregular  variations. 

Both  sky-wave  and  ground-wave  signal  strengths  are  dependent  on  transmitting  and  receiving  antenna 
gains  and  in  system  design  the  aims  are  to  choose  antennas  with  beamwidths  and  directions  of  maximum  gain 
most  appropriate  to  the  principal  propagation  paths  encountered.  Unfortunately  at  MF  there  is  little  scope 
for  optimisation.  Transmitting  antennas  tend  to  be  large  vertical  monopoles  less  than  a wavelength  high 
and  for  reception  short  whip  or  loop  antennas  are  used.  Particularly  for  broadcasting  with  intended  re- 
ception via  the  ground  wave  there  are  advantages  in  using  so-called  anti-fading  antennas*7  aimed  at 
suppressing  high-angle  radiation  which  can  propagate  via  the  sky  wave,  thereby  leading  to  seif  interference. 
At  HF  there  is  more  flexibility  in  available  antennas.  Rhombic  or  log-periodic  antennas  are  favoured  for 
point-to-point  transmissions  and  curtain  arrays  of  dipoles  for  broadcasting.  Antennas  for  reception  depend 
on  whether  these  are  for  fixed  or  mobile  terminals.  There  is  renewed  interest  in  the  design  of  arrays  of 
receiving  antennas  capable  of  steering  for  optimum  signal  reception  or  for  interference  rejection.  Refer- 
ence data  for  a range  of  antennas  are  contained  in  the  CCIR  handbook  of  antenna  diagrams***;  other  computer 
formulations  to  determine  antenna  gain  are  available*^.  Practical  tests  show  that  typical  antennas  often 
display  a performance  which  differs  from  that  predicted^  and  for  design  purposes  the  CCIR  has  recommended 
standards  for  minimum  values  of  radiation  in  directions  where  theory  indicates  the  existence  of  nulls2  . 
Further  work  is  needed  in  the  modelling  of  antenna  performance  at  MF  and  HF,  particularly  the  inclusion 
of  allowances  for  imperfect  ground  on  radiation  resistance  and  the  separate  determination  of  the  polar- 
isation of  the  waves  to  which  the  antennas  respond. 

When  signals  are  propagated  between  terminals  via  multiple  paths,  whether  these  involve  different 
modes,  low  and  high-angle  rays  or  0 and  X-waves,  there  exists  a difference  in  the  group  paths  of  the 
separate  components.  Hence  there  is  a spread  in  time  of  the  received  signals.  Multipath  time  dispersions 
can  limit  system  performance  just  as  can  an  inadequate  signal/noise  power  ratio.  Large  time  spreads  are 
often  associated  with  scatter  propagation  and  under  these  conditions  classical- type  oblique-incidence  iono- 
grams  are  replaced  by  others  with  diffuse  traces;  in  some  cases  the  traces  associated  with  the  different 
modes  coalesce  (Figure  10).  There  are  also  large  variations  in  the  angles  of  elevation  of  the  incident 
signals  (Figure  11).  It  seems  unlikely  that  such  features  can  ever  be  modelled  satisfactorily. 

If  the  ionosphere  were  unchanging  the  signal  amplitude  over  a fixed  path  would  be  constant.  In 
practice,  however,  fading  arises  as  a consequence  of  variations  in  propagation  path,  brought  about  by 
movements  or  fluctuations  in  ionisation^2 • The  principal  causes  of  fading  are  (i)  variations  in  absorption 
(ii)  movements  of  irregularities  producing  focusing  and  defocusing  (iii)  changes  of  path  length  among 
component  signals  propagated  via  multiple  paths,  and  (iv)  changes  of  polarisation,  such  as  for  example  due 
to  Faraday  rotation.  These  various  causes  lead  to  different  depths  of  fading  and  a range  of  fading  rates. 
The  slowest  fades  are  usually  those  due  to  absorption  changes  which  have  a period  of  about  10  minutes. 

The  deepest  and  most  rapid  fading  occurs  from  the  beating  between  two  signal  components  of  comparable 
amplitude  propagated  along  different  paths.  A regularly  reflected  signal  together  with  a signal  scattered 
from  spread-F  irregularities  can  give  rise  to  so-called  ’flutter'  fading,  with  fading  rates  of  about  10  Hz. 

Amplitude  fading  is  accompanied  by  associated  fluctuations  in  group  path  and  phase  path,  giving  rise 
to  time  and  frequency-dispersed  signals.  When  either  the  transmitter  or  receiver  is  moving,  or  there  are 
systematic  ionospheric  movements,  the  received  signal  is  also  Doppler-f requency  shifted.  Signals  propa- 
gated simultaneously  via  different  ionospheric  paths  are  usually  received  with  differing  frequency  shifts. 
Frequency  shifts  for  reflections  from  the  regular  layers  are  usually  less  than  1 Hz,  but  shifts  of  up  to 
20-20  Hz  have  been  reported  for  scatter-mode  signals  at  low  latitudes.  Frequency  spreads  associated  with 
individual  modes  are  usually  a few  tenths  of  a Hertz  (Figure  12). 

The  effect  of  ionospheric  propagation  on  a radio  signal  may  therefore  be  expressed  in  terms  of  a 
corresponding  channel-scattering  function  (Figure  13)  in  which  each  mode  has  its  own  attenuation  due  to 
transmission  loss  and  its  own  time  and  frequency  offsets  and  dispersions.  As  a caution,  it  must  however 
be  noted  that  even  this  representation  is  an  over  simplification.  Particularly  for  transequatorial  and 
auroral  paths  the  modes  coalesce  because  the  spread  associated  with  each  is  so  great.  Time  spreads  of 
several  milliseconds  and  frequency  spreads  in  excess  of  10  Hz  have  been  reported  under  such  conditions 
(Figure  12). 

U.  PRACTICAL  USAGE  OF  THE  MF  AND  HF  BANDS 

Use  of  the  radio  spectrum  is  controlled  by  the  ITU.  Emissions  are  authorised  which  fulfil  the  technical 
requirements  specified  in  the  Radio  Regulations^  - a set  of  standards  laid  down  and  amended  from  time  to 
time  by  special  international  Administrative  Radio  Conferences.  The  Radio  Regulations  define  various  types 
of  radio  service  (e.g.  broadcasting,  maritime  mobile,  amateur)  and  allocate  sub-bands  of  frequencies  for 
use  by  these  separate  services.  This  allocation  is  a compromise  based  on  a consideration  of  potential 
service  usage,  bandwidth  requirements  and  propagation  characteristics. 
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Allocation*  are  const  deled  separately  tor  three  specifically  defined  longitude  region*  and  within  a 
tropical  •on<*  given  approximately  a»  follows  i 

Region  1 l Europe,  Africa  and  northern  Axle 

Region  2 l North  and  South  America 

Region  3 I southern  Asia  and  Australia 

Tropical  Zone  i latltudex  lexx  than  about  + 30°. 

Soma  ftequeucy  sub-band*  are  xhared  between  two  or  more  services,  either  on  an  equal  basis  or  with  certain 
xervlcex  designated  ax  secondary*  Individual  t ranxmi sslonx  are  assigned  to  xpecllic  trequenclex  within 
the  allocated  xub-bandx  tor  their  particular  service  on  the  basis  that  no  new  transmitter  shall  create  un- 
acceptable interference  or  be  (udged  likely  to  interfere  with  any  existing  co-channel  or  ad)acent  channel 
system*  In  the  case  of  a secondary  service  there  lx  no  such  security  of  tenure  it  an  established  system 
lx  found  to  cause  interference  to  some  new  system  and  no  protection  is  afforded  against  interference 
created  by  any  new  primary  service  station.  The  ITl)  maintains  a body  known  as  the  International  Frequency 
Registration  Hoard  (1FRH)  to  carry  out  technical  examinations  of  proposed  new  emissions  including  assess- 
ments of  the  likelihood  of  causing  or  being  influenced  by  interference)  a 1 so  to  keep  a master  register  of 
all  assigned  transmitters  and  their  schedules. 


The  MK  band  is  defined  as  the  frequency  range  300-3000  klU  and  the  HF  band  as  3-30  Mils,  below  1605  kHz 
there  are  tour  principal  sub-bands,  representing  45%  of  the  available  MK  spectrum,  with  common  allocations 
in  the  three  regions  i 


325-405  kltz 
415-440  kHz 
440-510  kHz 
535-1605  kHz 


Aeronautical  radio  navigation 
Maritime  mobile 
Mobile  distress 
Sound  broadcasting 


Other  sub-bands  below  1605  kHz,  varying  tor  the  different  regions,  ate  allocated  to  maritime  radio- 
navigation  and  aeronautical  mobile  services. 


Aeronautical  and  maritime  services  at  MK,  like  those  also  operating  at  LK,  rely  principally  on  the 
ground-wave  mode.  However,  since  there  is  also  some  propagation  by  the  sky  wave,  fading  occurs  particularly 
at  night  due  to  interference  with  the  sky  wave.  Ground-based  aeronautical  non-di rec t Iona  1 radii*  beacons 
at  frequencies  of  200-1750  kHz  are  used  in  conjunction  with  dl rec tion- t indlng  equipment  in  aircraft  tor 
navigation  purposes  over  a tew  hundred  nautical  miles  and  as  locators  to  tlual  approach  out  to  ranges  oi 
10-25  nautical  miles.  Long-distance  aeronautical  navigation  aids  include  Loran  A with  frequencies  around 
2 MHz  based  on  reception  of  pulses  from  a chain  of  transmitter  sites  and  Consol  (200-415  kHz)  consisting 
of  morse  t ranxmi ssions  in  which  a count  is  made  in  the  aircraft  ot  the  dot-dash  characters  heard  during 
the  keying  transmission  period.  Hy  reference  to  appropriate  charts  the  observer  determines  a position 
line.  Maritime  coast  stations  at  MK  provide  radiotelegraphy  and  radii*  dl rec Lion- 1 indl ng  facilities. 


Sound  broadcasting  has  traditionally  relied  on  the  medium  frequency  ground-wave  signal***.  Despite  the 
advantages  of  Improved  signal  quality  at  forded  by  alternative  VHK  services,  particularly  In  geographically 
densely  populated  regions  such  as  Central  Europe  where  MK  co-channel  interference  by  night  is  a problem,  a 
recent  lilt  Administrative  broadcast  1 ng  Conference^  ' showed  no  lack  of  interest  in  retaining  this  allocation. 
With  transmitter  powers  typically  ol  1(H)  kW  or  more  and  tall  vertical  antenna  masts  giving  omnidirectional 
azimuthal  radiation,  coverage  ranges  ol  50-100  km  are  usually  adequate  for  domestic  reception  ot  the  same 
programme  material.  The  spread  ot  television  in  recent  years  has  detracted  from  peak  evening  sound  broad- 
cast reception  requirements,  but  the  need  to  maintain  coverage  remains. 


The  remainder  ot  the  MK  band  is  occupied  with  fixed  and  mobile  services,  1 adionavlgat ton  and  meteor- 
ological aids.  Maritime  elements  include  coast  stations,  ship  station  radiotelephone  working  to  coast 
stations  and  intership  working.  Aeronautical  systems  include  single-sideband  HK  radlote lephone  links  be- 
tween aircraft  and  the  ground  in  the  aeronautical  mobile  channels  ot  the*  2-22  MHz  hand  and  radioteletype 
links  between  ground  terminals  in  the  aeronautical  ilxed  channels  in  the  2.5-  U)  MHz  baud.  These  employ 
KSK  modulation  with  frequency  shifts  ot  200-500  Hz.  Variations  in  frequency  allocations  between  the  regions 
arise  principally  from  changes  in  operational  requirements,  rather  than  from  propagation  effects.  However, 
the  tropiial  region  has  been  defined  to  allow  specifically  lor  the  differing  propagation  phenomena  and  in- 
creased background  noise  1 rom  thunderstorms  at  low  latitudes.  Sound  broadcasting  in  the  tropical  zone  is 
permitted  between  2300-2445  kHz,  as  well  as  in  three  other  special  sub-bands  in  tin*  lower  part  ot  the  HK 
band. 


At  HK  there  are  a multitude  ot  frequency  sub-bands  tor  the  different  services  with  many  ol  these 
being  shared  among  services.  Some  suh-hauds  are  common  to  the  laud  mobile  and  maritime  mo  bile  services) 
others  are  separate.  Ot  the  27  MHz  ol  available  spectrum  this  is  estimated  as  being  occupied  at  the  present 
(prior  to  the  14/4  World  Administrative  Radii*  Conference)  approx  ima  t e l y as  follows  t 


Fixed  service  60% 
Laud  and  maritime  us* bile  services  15% 
Sound  broadcasting  service  10% 
Aeronaut  ica  1 mobile  service  1(1% 


The  remaining  5%  o I spectrum  Is  used  by  the  ainateut  service,  the  standard  frequency  and  space- research 

services. 

Tv*  obtain  information  on  the  path  lengths  ol  typiial  circuits  operating  in  the  principal  separate 
services  and  tor  which  prupagat  ion  data  are  needed,  a statistiv.il  study  has  been  carried  out  at  HK  using 
samples  of  information  contained  within  flu*  Internal  tonal  Frequency  List  of  the  IKKh  (Samuel  and  Hurst, 
private  communlcat Ion).  Their  analysts  considers  changes  with  t requetu  y within  the  baud.  Here  results  tor 
all  frequencies  grouped  together  are  shown  in  Figure  14,  There  are  seen  to  be  proport lonat el v greater 
numbers  of  circuits  ot  range  500  km  or  less  operating  in  the  fixed  and  aeronautical  mobile  services  that*  in 
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the  broadcasting  and  marl  time  mobile  services.  The  maritime  mobile  service  aims  to  provide  lunger-distance 
communication  than  the  aeronautical  mobile  service.  Use  ot  broadcasting  at  the  longer  distances  is  no  doubt 
associated  with  the  apparent  needs  ot  many  countries  to  provide  overseas  news  and  propaganda  i ntorniat ion. 
There  is  currently  an  upsurge  in  the  use  oi  the  HF  band,  both  lor  civilian  and  military  applications. 

Whereas  the  majority  of  long-distance  tixed  radio  circuits  now  rely  on  satellites  and  cables,  increases  in 
the  numbers  involved  mean  that  there  are  actually  more  HF  circuits  than  say  20  years  ago.  Particularly  lor 
military  purposes,  HF  systems  are  regarded  as  providing  a necessary  back-up  service  to  fixed  links  primarily 
established  by  other  means.  High  frequencies  create  a useful  way  of  establishing  communications  with  small 
Isolated  communities  in  such  places  as  the  Arctic  and  Middle  Eastern  desert  areas.  Commercial  use  oi  HF 
systems  continues  in  the  provision  oi  feeder  links  to  satellite  terminals.  The  requirements  are  ior  high- 
grade  circuits  that  can  be  integrated  into  a general  network.  Figure  14  shows  that  the  median  range  ior 
the  fixed  circuits  is  around  1500  km. 

5.  PARAMETERS  SUSCEPTIBLE  TO  MODELLING 

A radio  wave  is  specified  in  terms  of  live  parameters  : its  amplitude,  phase,  direction  of  propagation, 
polarisation  and  frequency.  In  general,  propagation  leads  to  changes  ot  each  ot  these  so  that  there  are 
modelling  requirements  to  be  able  to  estimate  the  extent  of  the  resulting  modi  1 i cations.  The  most  important 
parameter  to  model  is  amplitude,  since  without  adequate  signal  strength  at  the  receiver  use  cannot  be  made 
ot  the  information  contained  within  the  wave.  Estimates  of  direction  of  propagation  are  oi  value  to 
antenna  selection  and  are  needed  in  many  cases  to  assess  the  transmission  loss  on  which  the  received  signal 
strength  depends.  Particularly  tor  applications  in  which  waves  are  used  ior  navigation  and  remote  probing 
purposes,  a knowledge  Is  needed  of  phase-path  length,  which  is  given  approximately  as  the  integral  ot  the 
retractive  index  with  respect  to  the  raypath  length,  and  ot  the  group  delay,  together  with  statistical 
changes  in  these  parameters.  Background  noise  intensities  also  are  required  to  be  known. 

For  communication  system  modelling,  signal  and  noise  intensities  may  be  compared  with  reference  to 
standard  required  values  of  signal /noise  power  ratio  lor  a satisfactory  grade  of  service.  Account  can  also 
be  taken  in  the  modelling  of  acceptable  values  of  multipath  depending  on  the  modulation  type  and  data  rate. 
Interference  effects  of  specific  co-channel  signals  can  also  be  modelled  tor  application  to  possible 
t requeue v- sha r i ng  si tuations. 

For  sound  broadcasting  the  minimum  usable  field  strength^,  defined  as  that  necessary  to  permit  a 
desired  reception  quality  in  the  presence  of  natural  and  man-made  noise  but  in  the  absence  oi  interference 
from  other  transmitters,  may  be  modelled.  For  planning  purposes,  however,  use  must  be  made  ot  the  usable 
field  strength^*5,  which  is  the  minimum  field  strength  necessary  to  permit  a desired  reception  quality  in 
the  presence  of  noise  and  interference,  either  in  an  existing  situation  or  as  determined  by  agreement  or 
frequency  plan.  The  service  area  is  then  given  as  the  area  within  which  the  field  strength  equals  or 
exceeds  the  usable  field  strength.  Required  values  of  r.t.  signal  to  interference  ratio  ior  satisfactory 
reception  are  internationally  agreed^.  These  vary  depending  on  the  frequency  separation  oi  the  unwanted 
and  wanted  signals  and  are  different  tor  ground  wave  and  sky-wave  signals.  Use  of  these  data  is  important 
to  considerations  ot  broadcast  coverage.  Area  coverage  factors  may  be  evaluated  for  sychronised  trans- 
mitter groups^  based  on  reference  propagation  and  protection  ratio  data,  either  in  the  absence  of,  or 
with  account  for  specific  Interfering  signals. 

6.  PROPAGATION  MODEL  REQUIREMENTS 

Since  the  earliest  days  of  radio  transmissions,  the  requirements  for  signal  propagation  and  noise  pre- 
dictions were  recognised.  Many  groups  in  different  countries  have,  over  the  years,  been  pursuing  the 
perfection  of  prediction  techniques.  Their  efforts  stand  as  testimony  to  the  difficulties  of  the  tasks  and 
the  disparity  of  views  as  to  how  these  should  be  accomplished.  A distinction  can  be  made  between  long-term 
prediction  models  that  may  be  produced  at  any  time  from  existing  reference  data  and  short-term  models 
relying  on  parameters  measured  in  near  real-time.  Short-term  models  are  of  value  in  cases  where  the 
quantities  to  be  estimated  change  in  an  irregular  way.  Long-term  models  have  applications  at  both  ME  and 
HF  for  ground  wave  and  sky-wave  propagation,  but  it  Is  for  HF  sky  waves  that  procedures  need  to  be  most 
complex.  Ground-wave  signals  tend  to  be  relatively  stable  and  MF  broadcast  service  characteristics  cannot 
be  changed  at  short  notice.  Hence  short-term  prediction  models  have  greatest  potential  application  to 
HF  sky-wave  systems. 

6.1  Long-term  prediction  models 

Long-term  predictions  are  needed  tor  system  planning.  They  can  yield  estimates  ot  the  lrequency 
coverage  required  and  of  the  necessary  transmitter  power  to  provide  a specified  grade  of  service;  also  they 
enable  the  types  and  size  of  the  most  suitable  antennas  to  be  determined.  In  the  case  of  sky-wave  systems, 
predictions  commonly  are  made  for  every  two  or  four  hours  throughout  the  24  hours  for  sample  summer, 
equinox  and  winter  months  at  reference  epochs  of  low  and  high  solar  activity,  depending  on  the  Intended 
usage.  Calculations  assuming  the  use  of  omnidirectional  antennas  serve  to  indicate  the  mean  wave  launch 
and  arrival  directions  of  the  strongest  signals  and  their  variations.  Recourse  to  standard  antenna  design 
data***  then  indicates  the  optimum  choice  ot  antenna  type  and  the  preferred  dimensions.  The  Inclusion  of 
allowances  for  the  gains  of  the  selected  antennas,  together  with  estimates  of  transmission  loss,  required 
signal/noise  power  ratio  and  mean  noise  powers  leads  to  the  determination  of  the  necessary  transmitter 
power.  If  continuous  coverage  is  required  the  transmitter  power  needs  to  be  selected  on  the  basis  of  data 
for  summer  noon  at  sunspot  maximum  when  signals  are  weakest  because  of  ionospheric  absorption. 

Related  to  system  design  is  the  selection  of  the  required  frequency  assignments  and,  11  a decision  is 
made  to  have  simultaneous  multi  frequency  transmissions,  the  choice  of  the  number  of  separate  transmitters 
wanted.  The  more  assigned  frequencies,  the  greater  should  be  the  achievable  performance.  A typical  re- 
quirement is  likely  to  involve  the  use  of  two  frequencies,  one  selected  principally  for  night-time  and  the 
other  for  day  working.  Long-term  predictions  can  aid  in  these  respects.  By  comparing  results  for  the 
different  occasions  an  optimum  frequency  selection  may  be  made. 

For  commercial  systems  It  is  nowadays  a common  requirement  that  organisations  who  tender  to  supply 


these  mu  * t demo ns t rat  e to  their  prospective  customer*  that  the  proposed  installation  1m  (hr  mint  mum 
necessary  t®  fulfil  the  intended  function.  In  tone*  cases,  part Icular ly  those  concerned  with  the  re- 
furbishing ot  e at  abl  t shed  links,  past  experience  iney  well  prove  preferable  to  the  use  of  predlc  t Ioiin.  In- 
frequently though  the  need  is  for  the  be»t  prediction  models  possible.  Greatest  eccurecy  1m  probably 
needed  in  Miguel-lnteuel ty  prediction.  A prediction  accuracy  of  6 dB  appears  e reasonable  objective  to 
seek  to  attaint  any  sky-wave  model  achieving  thin  tor  9(71  ot  occaMioiiM  would  almost  certainly  represent  a 
» l gnl t leant  Improvement  over  existing  procedurea.  Kor  system  design,  where  calculation*  may  be  regarded  an 
'once  oft1)  the  coat  ot  theae  la  email  by  compariaon  with  the  total  ayatem  coate.  Hence  model  accuracy  In 
ot  paramount  importance  and  ita  complexity  la  ot  leaa  concern. 

A aecond  requirement  tor  long-term  predictions  is  aaaociated  with  tranamltter  licenalug  and  the  asscss- 
ment  ot  the  poaaible  interference  caused  by  any  new  ayatem.  The  IFRB  la  charged  with  thla  task.  Use  1m 
made  ot  Technical  Standarde  to  give  estimates  of  the  intensities  ot  proposed  new  t ran sin  1 salons  at  the  re- 
ceiving sites  ot  all  existing  co-channel  and  adjacent  channel  systems  which  may  possibly  be  aliected. 

Since  there  are  several  thousand  frequency  notifications  made  to  the  IFRB  each  week  it  follows  that  some 
loss  In  accuracy  ot  the  models  used  by  that  Organisation  may  have  to  be  tolerated  in  order  to  bring  the 
amount  ot  calculat ton,  even  with  modern  computing  aids,  to  manageable  proportions.  Hence,  the  IFRB  needs 
a model,  within  the  constraints  of  available  computers,  relying  more  on  data  storage  and  leas  on  calculation. 
The  ayatem  designer  la  not  restricted  in  thla  way. 

In  addition  to  the  above  needs,  a further  separate  requirement  has  been  Identified  tor  predictions 
where  more  limited  aida  than  a full -sized  computer  are  available  and  where  reduced  accuracy  is  acceptable. 
This  requirement  arises,  for  example,  in  technical  meetings  where  approximate  results  are  needed  and  there 
is  no  wish  to  suspend  discussions  for  a day  or  more  whilst  awaiting  computations,  in  such  cases  look-up 
tables,  charts,  or  simple  algorithms  tor  use  with  a pocket  calculator  or  desk-top  computer  may  prove 
adequate.  It  is  evident  that  in  each  application  the  requirements  are  tor  the  simplest  prediction  model 
giving  acceptable  accuracy,  but  not  so  obvious  what  this  accuracy  should  be.  A case  can  be  made  lor  a 
family  of  different  prediction  model*  ranging  from  the  most  sophisticated  needing  high-speed  computers  with 
considerable  storage  to  simple  manual  methods  requiring  only  modest  aids. 

Both  tor  the  IFRB  studies  and  also  when  submitting  tender  documentation  In  support  ot  international 
contracts,  the  requirements  are  tor  internationally  accepted  prediction  methods.  Hence,  the  CC1K  has  Study 
Programmes  in  being  to  develop  such  agreed  procedures.  The  policy  which  is  being  followed  in  order  to 
finish  ultimately  with  a helrarchy  of  prediction  methods  meeting  the  above  needs  is  to  concentrate  at 
present  on  the  development  ot  the  most  accurate  methods  possible,  without  overdue  regard  tor  their  com- 
plexity. It  is  argued  that  controlled  simpl 1 t ications  can  then  he  introduced  when  their  effects  have  been 
examined  and  quantified.  That  is  not  to  say  the  task  ot  agreeing  Internationally  what  simpl 1 t ications  are 
acceptable  will  be  easy,  but  rather  that  this  exercise  must  be  accomplished  later.  There  is  now  a growing 
awareness  ot  the  complexity  ot  existing  prediction  models  and  ample  evidence  that  the  production  ol 
efficient  and  talthtul  computer  programs  to  match  the  technical  bases  which  have  been  formulated  is  a 
lengthy  task.  Difficulties  arise  in  implementing  those  program*  produced  on  the  range  ot  computers  In 
worldwide  use.  In  some  cases  computational  differences  arise  which  it  is  not  easy  to  ascribe  either  to 
programming  errors  or  changes  in  computer  characteristics.  It  is  to  the  credit  ot  the  International 
community  that  in  recent  years  there  has  been,  through  the  medium  ot  the  CCll^  accept ance  ot  models  which 
many  participants  would  really  prefer  to  see  changed  in  some  (but  differing)  respects. 

6.2  Short-term  prediction  models 

There  Is  no  doubt  that  predictions  are  also  ot  potential  value  tor  frequency  management  ot  HF  sky-wave 
systems,  to  determine  what  frequency  from  the  assigned  complement  is  likely  to  he  mo s t suitable  on  a given 
occasion.  Unfortunately,  though,  in  this  role  they  are  not  too  successful  because  the  requirement  Is  for 
a so-called  short-term  prediction  based  on  a knowledge  of  the  Ionosphere  tor  the  particular  day.  The  iono- 
sphere is  subject  to  considerable  spatial  and  temporal  variability,  and  methods  of  modelling  its  state  must 
rely  either  on  a tew  sample  direct  measurements  or  incomplete  correlations  with  other  geophysical  para- 
meters that  can  be  measured.  Furthermore,  there  are  major  logistic  difficulties  In  devising  operational 
procedures  to  make  use  of  such  models.  Both  the  above  approaches  involve  measurements  followed  by  cal- 
culations. Schemes  based  on  the  general  broadcasting  of  small  numbers  of  parameters  lor  incorporat ion  in 
simple  calculations  by  transmitter  personnel  could  perhaps  be  envisaged.  Whilst  information  on  storm  or 
abnormal  conditions  could  be  processed  in  this  way,  there  is  real  doubt  whether  more  usually  such  cal- 
culations would  be  adequate.  The  detailed  evaluations  probably  needed  are  likely  to  be  beyond  available 
manpower  and  computational  resources  at  transmitter  sites.  This  suggests  deploying  a lew  centralised 
measurement  and  computer  installations  to  serve  large  numbers  ot  radio  circuits,  but  then  there  is  a need 
tor  extra  communication  links  to  convey  the  predicted  data,  leading  to  extra  coats.  Moreover,  delays  in 
providing  predictions  mean  that  these  have  to  he  produced  further  In  advance,  leading  to  reduced  accuracy. 

It  is  evident  that  there  are  other  difficulties  with  any  real-time  frequency-management  system  in  ensuring 
that  both  transmitter  and  receiver  operators  know  what  frequency  to  use.  Information  on  changes  in  frequency 
cat)  be  supplied  to  the  receiver  once  a link  is  established,  hut  initial  setting-up  seems  likely  to  Involve 
a search  process. 

It  should  also  be  realised  that  ptluuim  selection  of  operational  frequency  depends  on  having  a clear 
channel.  Whilst  models  exist  for  some  of  the  type*  of  background  noise  , it  is  not  possible  to  predict 
co-channel  interference  from  other  transmissions.  This  points  to  the  need  tor  duplex  working  with  measure- 
ments ot  noise  at  the  receiver  being  transmitted  back  to  the  other  terminal.  Clearly  this  too  adds  to  the 
complexity  ot  the  system,  adds  to  spectrum  congestion  and  raises  the  question  ot  whether  a two-way  real- 
time sounding  system  using  only  assigned  frequencies  would  not  be  preferable.  A particular  application  ot 
auch  a procedure  would  be  tor  communication  from  mobile  terminals  where  there  ate  often  difficulties  ot 
restricted  transmitter  power,  inefficient  antennas  and  varying  circuit  length  leading  to  operator  un- 
tainlllarity  with  the  likely  range  of  propagation  conditions  to  be  experienced. 

7.  CONCLUSIONS 

A review  of  the  principal  propagation  phenomena  encountered  at  MF  and  HF,  together  with  a consideration 
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of  the  operational  use  of  these  frequency  bands  leads  to  an  assessment  of  the  parameters  useful  to  model. 
It  is  concluded  that  a case  can  be  made  for  a family  of  different  prediction  models  ranging  from  simple 
manual  procedures  to  others  requiring  advanced  computing  aids. 
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Figure  1 Ground  conductivity  as  a function  of  frequency 
(from  CCIR  Recommendation  527) 
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Figure  2 Ground-wave  field  strength  F for  a transmitter 

cymo motive  force  of  300  V and  propagation  over  ground 
of  conductivity  o =*  10" S/m  and  relative  dielectric 
constant  t = 4 in  the  absence,  of  atmospheric  refraction 
(from  COIR  Recommendation  368-2)* 
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Figure  4 Maximum  observed  frequencies  for  Cyprus-Slough  path 
in  July  1969  (from  Bradley  and  Howard^®) 
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Figure  3 Sample  oblique-incidence  ionogram  with  classical  'noses' 
(from  Kift  et  al.-*l) 


(a)  IF2  + IE  mode  (b)  IE  + IF2  mode 


(c)  M-Mode 


F i gu r e 6 Propagation  inodes  for  a geographically  varying  ionosphere 


Figure  7 


Propagation  modes  for  a tilted  ionosphere 

(a)  equivalent  mirror  height  increasing  with  range 
from  transmitter 

(b)  equivalent  mirror  height  decreasing  with  range 
from  transmitter 

(c)  perigee  mode  Involving  multiple  Ionospheric 
reflections  without  intermediate  ground  reflection 
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FiRure  8 HF  propagation  paths  via  the  ionosphere  at  high  latitudes 
(from  Buchau-t^) 

top  section  : sample  distribution  of  electron  concentration 
(arbitrary  units)  in  northern  hemisphere  high- 
latitude  ionosphere 

lower  section  : raypaths  for  signals  of  constant  frequency 
launched  with  different  elevation  angles 


«..«  kvtiiaivn  icequency*  Electron  concentration  increases  witn  increase  oi  neignt 
whereas  the  collision  frequency  for  electrons,  which  is  proportional  to  the  atmospheric  pressure, 
decreases*  Hence  the  absorption  reaches  a maximum  in  the  lower  E-region  with  most  of  the  con- 
tribution to  the  total  absorption  occurring  in  the  D-region. 

large  amounts  ot  additional  absorption  arise  near  the  height  of  reflection  where  p is  small. 
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Power  spectral  density 
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KlKurr  12  Doppl it  spectra  ot  received  HF  sky-wave  signals 
(from  Vincent  et  al.  * *) 

top  section  : temperate- lat 1 t ude  path 
lower  section  : t rans-auroral  path 
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Figure  11  Channel-scat tering  (unction  lot  three-moded 
Ionospheric  signal  propagation 
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SUMMARY 

The  effects  of  the  earth's  ionized  atmosphere  on  radio  waves  that  propagate  through 
the  ionosphere  are  reviewed.  Emphasis  is  placed  on  transionospheric  radio  propagation 
systems  and  how  their  operational  performance  is  impacted  by  the  structure  of,  and  changes 
in  the  structure  of,  the  ionosphere.  The  normal  ionosphere  leads  to  refraction  and  slow- 
ing down  of  radio  waves  that  propagate  through  it.  This  refraction  and  slowing  down 
varies  as  the  ionosphere  itself  varies.  Irregularities  in  the  ionospheric  electron 
density  can  impart  fluctuations  or  scintillations  onto  radio  waves  that  pass  through  the 
irregularities.  The  morphological  behavior  of  the  ionospheric  characteristics  pertinent 
to  transionospheric  systems,  as  well  as  actual  observations  of  these  characteristics  are 
discussed  in  terms  of  impact  on  system  performance.  Also  discussed  are  models  that  have 
been  developed  to  represent  these  characteristics  under  conditions  of  varying  geophysical 
activity. 


1.0  INTRODUCTION 

A radio  signal  which  penetrates  the  ionosphere  is  modified  by  the  medium  due  to  the 
presence  of  electrons  and  the  earth's  magnetic  field.  Any  frequency  can  penetrate  the 
ionosphere  when  the  critical  frequency  of  the  ionosphere  is  lower  than  the  frequency  of 
the  radio  wave.  Thus,  it  is  possible  for  frequencies  as  low  as  2-3  MHz  to  pass  through 
the  ionosphere  in  regions  of  the  ionosphere  that  are  characterized  by  low  critical  fre- 
quencies. For  most  applications,  however,  propagation  of  radio  waves  through  the  iono- 
sphere is  considered  only  for  frequencies  greater  than  20  to  30  MHz. 

A radio  wave  passing  through  the  ionosphere  will  be  slowed  down  by  an  amount  that  is 
directly  proportional  to  the  total  (integrated)  number  of  electrons  along  the  radio  propa- 
gation path.  This  slowing  down  of  the  radio  wave  is  referred  to  as  ionospheric  time 
delay  in  order  to  distinguish  it  from  the  normal  delay  or  transit  time  associated  with 
the  propagation  of  radio  waves  in  free  space.  In  addition,  radio  waves  that  are  linearly 
polarized  will  be  subjected  to  a rotation  in  their  plane  of  polarization  upon  passage 
through  the  ionosphere.  A radio  wave  passing  through  the  ionosphere  will  be  bent  from 
its  straight  line  trajectory  by  the  electrons  along  the  radio  propagation  path.  This 
bending  or  refraction  results  in  the  radio  wave  appearing  to  be  at  a hiqher  location  than 
it  actually  is  for  waves  propagating  in  directions  other  than  truly  vertical.  These  effects 
as  well  as  others  to  be  discussed  later  are  all  dependent  upon  the  large  scale  ionospheric 
structure  and  the  total  electron  content  (TEC)  along  the  radio  path. 

In  addition  to  effects  associated  with  the  large-scale  ionosphere,  radio  waves 
passing  through  the  ionosphere  are  also  impacted  by  small-scale  structures  in  the  iono- 
sphere. These  small-scale  structures  are  irregularities  in  the  electron  density  and  are 
referred  to  simply  as  "irregularities."  These  irregularities  have  wavelengths  from  a few 
meters  to  several  kilometers  and  can  give  rise  to  fluctuations  in  the  amplitude,  phase, 
polarization  and  angle  of  arrival  of  a received  signal.  The  fluctuation  or  variation  in 
signal  characteristic  is  known  as  scintillation.  Ionospheric  scintillation  is  the  varia- 
tion imparted  to  radio  waves  by  ionospheric  irregularities  as  the  radio  wave  passes  through 
the  ionosphere. 

In  this  paper  we  will  describe  in  some  detail  the  impact  of  the  ionosphere  on  the 
performance  of  electromagnetic  systems  that  rely  on  the  propagation  of  radio  waves  through 
the  ionosphere.  The  discussion  will  be  concerned  almost  exclusively  with  radio  waves 
whose  frequencies  are  greater  than  100  MHz  in  keeping  with  operational  and  proposed  trans- 
ionospheric propagation  systems. 


2.0  IONOSPHERIC  EFFECTS  ON  TRANSIONOSPHERIC  PROPAGATION 

2.1  Ionospheric  Group  Delay 

The  time  delay  above  the  free  space  transit  time  between  a signal  transmitted  through 
the  ionosphere  is  given  by  AT  = 40.3  / cf2  TEC  (seconds)  where  TEC  is  the  Total  Electron 
Content;  c is  the  velocity  of  light  in  meters/second , and  f is  the  operating  frequency  in 
Hertz.  The  TEC  is  generally  expressed  as  the  number  of  electrons  in  a unit  cross-section 
column  of  one  square  meter  area  along  this  path.  Extreme  values  of  this  TEC  parameter 
vary  from  10 16  el/m2  to  10* * el/m2.  For  a system  operating  at  1.0  GHz,  a typical  TEC  value 
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of  10 el/m1  would  yield  an  ionospheric  time  delay  of  133  nanoseconds  or  about  40 
meters . 

2.2  Polarization  Rotation 

When  a linearly  polarized  radio  wave  traverses  the  ionosphere  the  wave  undergoes 
rotation  of  the  plane  of  polarization.  At  100  MHz  and  higher  frequencies  the  amount 
of  this  polarization  rotation  can  be  described  (Klobuchar1)  by: 

1)  « 2*  ? — — — f B cost)  N dl  (radians)  (1) 

where  the  quantity  inside  the  integral  is  the  product  of  electron  density  N times  the  lonqi 
tudinal  component  of  the  earth's  maqnetic  field  (B  cost))  integrated  alonq  the  radio  wave 
path.  Ionospheric  workers  have  used  this  effect,  called  the  Faraday  effect,  to  make 
measurements  of  the  TEC  of  the  ionosphere.  Since  the  longitudinal  maqnetic  field  intensity 
chanqes  much  slower  with  heiqht  than  the  electron  density  of  the  ionosphere,  the  equation 
can  be  rewritten  as 

SI  * p-  BL  * TEC  (2) 


where  B » B cost)  taken  at  a mean  ionospheric  heiqht,  usually  near  400  kilometers, 

K ■ 2.3b  * 10  'and  TEC  is  / N dl.  Typical  values  of  polarization  rotation  for  northern 
mid-latitude  stations  viewing  a qeostat ionary  satellite  near  their  station  meridian  are 
1 to  500  radians.  The  largest  portion  of  TEC  data  available  today  from  stations  through- 
out the  world  have  come  from  Faraday  rotation  measurements. 

2. 3  Refraction 

The  refractive  index  of  the  earth's  ionosphere  is  responsible  for  bending  of  radio 
waves  from  a straight  line  geometric  path  between  satellite  and  qround.  This  angular 
refraction  or  bending  produces  an  apparent  higher  elevation  angle  than  the  geometric 
elevation.  Klobuchar1,  using  a relationship  derived  by  Millman  and  Reinsmith'  relates 
angular  refraction  to  range  error  by: 

(R  + r sin  E ) (r  cos  E ) 

AE  = 2 2 2 — 

hi  (2ro  * hi>  + ro?sin*Eo 

where  E is  the  apparent  elevation  angle,  R is  the  apparent  range,  AR  is  computed  from 
AR  » (40.3/f2)  * TEC,  r is  the  earth's  radius  and  h is  the  height  of  the  centroid  of 
the  TEC  distribution,  generally  between  300  and  450  Am. 

For  high  elevation  angles  and  satellites  well  above  most  of  the  ionization,  the 
angular  refraction  can  be  expressed  as: 

cos  E 

AE  - - AR  (3a) 


For  low  elevation  angles: 

A R 

AE  * cos  E (3b) 

O K 

Typical  values  of  elevation  refraction  error  at  1.6  GHz  for  an  assumed  worst  case 
elevation  angle  of  5 degrees  and  a 10* ’ el/m2  ionosphere  will  be  0.3  mi  1 1 irad ians.  For 
the  same  viewing  anqle  and  TEC  and  an  operation  frequency  of  400  MHz  the  anqular  refraction 
error  will  be  approximately  4 mi 1 1 irad ians . 

2.4  Phase  Path  Effects 

A radio  wave  propaqatod  into  the  ionosphere  will  have  its  phase  advanced  with  respect 
to  what  it  would  be  in  the  absence  of  an  ionosphere.  For  a radio  wave  passing  through 
the  ionosphere,  this  phase  increase  (which  is  related  to  group  delay  discussed  in  2.1)  is 
given  by: 


1 34  * 10” 7 

<|>  • ji TEC  (cycles)  (4) 

where  f is  the  system  operating  frequency  in  Hertz,  and  TEC  is  in  el/m''.  In  practice, 
the  amount  of  this  phase  advance  cannot  readily  be  measured  on  a single  frequency. 

The  change  in  phase  between  two  coherent  siqnals  transmitted  through  the  ionosphere 
can  be  used  to  determine  ionospheric  electron  content  unambiguously  alonq  the  entire  radio 
wave  propagation  path.  Ttiis  method  provides  one  of  the  best  methods  of  deducing  TEC. 

2.5  Doppler  Shift 

Since  frequency  is  simply  the  derivative  of  phase,  a Doppler  shift  results  due  to 
changing  TEC.  This  additional  frequency  shift  is  generally  small  compared  to  the 
Doppler  shift  due  to  satellite  motion  but  can  be  computed  by: 


*e  - §£  - U4-f10:7  *1^1  (Hertz)  (5) 

For  high  orbit  satellites  where  the  diurnal  changes  in  TEC  are  greater  than  orbital  changes, 
an  upper  limit  to  the  rate  of  change  of  TEC  is  approximately  0.1  * 10 16  el/m2  per  second. 
This  value  yields  an  additional  frequency  shift  of  less  than  one  tenth  of  a Hertz  at 

1.6  GHz  which  would  not  be  significant  compared  with  a typical  required  receiver  loop 
bandwidth  of  at  least  a few  Hertz. 

2.6  Scintillations 

Scintillations  are  fluctuations  in  the  amplitude  and  phase  of  a received  signal  that 
result  from  the  passage  of  the  wave  through  electron  density  irregularities.  Scintilla- 
tions in  amplitude  can  be  characterized  by  a depth  of  fading  index  and  a fading  period. 

A useful  index  to  compare  scintillation  data  is  the  scintillation  index,  S*,  which  is 
defined  as  the  square  root  of  the  variance  of  received  power  divided  by  the  mean  values 
of  the  received  power  (Briggs  and  Parkin’).  An  alternative,  less  rigorous  quantitative 
measure  of  scintillation  index  which  has  been  adopted  by  the  Joint  Satellite  Studies  Group 
(JSSG)  to  ensure  a standard  method  of  data  scaling  in  long-term  statistical  analysis  is: 
sij<;sg  = pmax  “ Pni  + Pmin  where  pmax  is  the  power  amplitude  of  the  third  peak  down 

from  the  maximum  excursion  of  tne  scintillations  and  P . is  the  power  amplitude  of  the 
third  peak  up  from  the  minumum  excursion,  measured  inai. 

Scintillation  in  the  phase  of  the  received  signal  is  defined  as  those  variations 
that  are  as  fast  or  faster  than  the  slowest  amplitude  scintillation.  The  magnitude  of 
phase  scintillation  is  usually  characterized  by  the  deviation  of  the  phase  denoted  as  o^. 


3.0  SPECIFIC  TRANS IONOSPHERIC  PROPAGATION  SYSTEMS 

A number  of  radio  propagation  systems  are  currently  in  operation  or  are  in  the  planning 
stages  that  depend  upon  the  propagation  of  radio  waves  through  the  ionosphere.  These 
systems  can  involve  the  propagation  of  radio  waves  between  satellites  and  earth  terminals, 
the  propagation  of  radio  waves  between  pairs  of  satellites  or  the  propagation  of  radio 
waves  from  the  surface  of  the  earth  to  a space  object.  For  the  purposes  of  this  discus- 
sion, any  radio  propagation  system  having  a satellite  at  one  of  its  terminals  will  be 
referred  to  as  a satellite  system  while  systems  relying  on  radio  waves  propagated  from 
the  ground  without  a specific  airborne  or  space-borne  receiver  as  part  of  the  overall 
design  will  be  referred  to  as  a radar. 

Transionospher ic  satellite  systems  usually  operate  at  frequencies  greater  than  200 
MHz  although  substantial  data  concerning  transionospheric  propagation  have  been  obtained 
from  experiments  using  frequencies  as  low  as  136  MHz.  The  exact  frequencies  used  for 
ground-to-satellite  and  satellite-to-ground  links  and  for  the  different  types  of  systems 
are  in  accord  with  the  internationally  agreed  frequency  allocation  rules  and  regulations. 
Navigation,  communication  and  surveillance  functions  are  performed  by  transionospheric 
satellite  systems. 

Radar  systems  employing  transionospheric-  propagation  tend  to  be  surveillance-oriented 
systems.  For  the  most  part,  they  are  operated  as  part  of  the  national  defense  system  in 
a given  country.  These  radars  have  functions  that  include  detecting  and  tracking  aircraft, 
ballistic  missiles,  and  space  objects.  The  systems  also  operate  on  frequencies  that  are 
in  accord  with  internationally  agreed  rules  and  regulations. 

In  the  following  sections,  examples  of  transionospheric  satellite  and  radar  systems 
are  discussed  in  terms  of  the  effects  of  the  ionosphere  on  overall  performance.  As  a 
means  of  providing  an  indication  of  the  magnitude  of  the  possible  ionospheric  effects. 

Table  1 gives  the  estimated  maximum  values  for  ionospheric  effects  at  a frequency  of  100 
MHz.  It  is  assumed  that  the  total  zenith  electron  content  of  the  ionosphere  is  10 
electrons/m2.  An  elevation  angle  of  about  30°  is  also  assumed.  The  values  given  are  for 
the  one-way  traversal  of  the  waves  through  the  ionosphere. 


Table  1.  Estimated  maximum  ionospheric  effects  at  100  MHz  for 
elevation  angles  of  about  30°  one-way  traversal 


EFFECT 

MAGNITUDE 

FREQUENCY  DEPENDENCE 

Faraday  rotation 

30  rotations 

l/f* 

Propagation  delay 

25  us 

l/f* 

Refraction 

<1° 

l/f2 

Variation  in  the 
direction  of  arrival 

20  min  of  arc 

l/f 2 

Dispersion 

0.4  ps/Hz 

l/f’ 

Scintillation 

See  Sec.  5 of  this 

paper  See  Sec.  5 of  this  paper 
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3.1  Satellite  Navigation  Systems 

The  United  States  is  currently  developing  an  advanced  satellite  navigation  system 
called  NAVSTAR-Global  Positioning  System  (GPS) . The  GPS  will  basically  consist  of  three 
constellations  of  eight  satellites  each,  in  twelve-hour  synchronous  orbits,  at  63  degrees 
inclination.  The  transmissions  from  each  satellite  give  the  satellite  ephemeris,  clock 
error  and  capability  of  determining  the  ionospheric  time  delay  correction  along  the 
direction  to  the  satellite.  The  latter  capability  is  achieved  by  the  use  of  two  carrier 
frequencies  spaced  sufficiently  far  apart  to  enable  a direct  measurement  of  the  ionospheric 
time  delay  to  be  made.  The  ephemeris  ard  satellite  clock  frequency  standard  error  are 
sent  at  low  data  rates  on  carriers  that  are  modulated  with  pseudo-random  noise  codes. 

Each  user  must  have  knowledge  of  the  unique  PRN  codes  which  will  enable  him  to  synchronize 
his  receiver  to  each  of  the  satellites.  The  satellite  orbits  are  chosen  such  that  for  all 
time  at  least  four  satellites  are  in  view  of  any  point  on  the  earth.  Satellites  at 
optumum  viewing  angles  are  chosen  to  obtain  the  maximum  geometric  precision  in  the  meas- 
urements. Elevation  angles  from  five  degrees  to  the  zenith  are  used.  Due  to  tropospheric 
time  delay  errors  elevation  angles  lower  than  five  degrees  are  avoided. 

The  operational  frequency  of  this  system  is  1.6  GHz.  To  allow  users  with  high  accuracy 
position  requirements  to  automatically  correct  for  the  ionospheric  time  delay,  a second 
frequency  at  1.2  GHz  is  available.  The  actual  ionospheric  time  delay  is  obtained  by  meas- 
uring the  difference  in  arrival  time  of  10  MHz  modulation  envelopes  on  both  the  carriers. 
This  is  an  actual  measurement  of  the  group  delay. 

The  ionospheric  time  delay  for  each  of  the  two  frequencies  can  be  written: 


AT  i 


TEC, 


AT, 


cf  ! 


TEC 


(6) 


where  AT i is  the  value  needed  to  correct  for  the  ionospheric  error  on  the  frequency  fi, 
and  AT 2 is  the  ionospheric  error  encountered  on  the  frequency  f2.  If  the  normal  system 
operational  frequency  is  fi  and  we  choose  f2  at  a lower  frequency  for  ionospheric 
correction  purposes,  we  obtain 
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The  value  A (AT)  is  obtained  from  the  difference  of  the  simultaneous  measurements  of  the 
total  range,  including  ionospheric  time  delay,  at  the  two  frequencies  f,  and  f2  , since 
the  geometric  distance  is,  of  course,  the  same  at  all  frequencies.  The  quantity 
fi  /<f?  - fi)  is  called  the  ionospheric  scaling  factor.  For  small  ratios  of  f,/f2  this 
factor  is  much  larger  than  unity  and  the  required  precision  of  the  differential  measure- 
ment may  be  unreasonably  large.  A plot  of  this  quantity,  normalized  by  f,,  is  given  in 
Figure  1. 

If  the  user  does  not  correct  for  the  ionospheric  time  delay  using  a two-frequency 
receiver  system,  then  a model  of  the  time  delay  must  be  employed.  Models  of  iono- 
spheric time  delay  will  be  described  later;  however,  it  is  worthwhile  for  illustrative 
purposes  to  obtain  some  idea  of  the  magnitude  of  the  time  delay  that  could  occur  for 
the  GPS  operating  frequency  of  1.6  GHz.  Figure  2 shows  the  world-wide  delay  at  a 
universal  time  of  20  hours  for  equinoctial  conditions  (March  1968).  This  figure  was 
presented  by  Klobuchar1  and  was  derived  from  the  time  delay  model  developed  by  Bent 
et  al . 5 . 


In  addition  to  time  delay  effects,  scintillation  effects  could  also  impact  on  the 
performance  of  satellite  navigation  systems.  Fading  of  the  signal  could  result  in  low 
signal  margin  for  some  users  and  prevent  acquisition  of  the  signal.  Also  the  phase 
coherence  across  the  band  could  be  degraded  by  phase  scintillations. 

3.2  Satellite  Communication  Systems 

The  advent  of  the  satellite  era  significantly  changed  the  methods  by  which  man  can 
communicate  with  his  fellow  man.  Satellite  communication  systems  provide  enhanced  band- 
width, permitting  more  data  to  be  transmitted  at  more  rapid  data  rates.  Although  they 
operate  at  frequencies  greater  than  conventional  high  frequency  (HF)  communication 
systems,  satellite  communication  systems  are  impacted  by  the  ionospheric  structure  and 
irregularities  in  the  structure  of  the  ionospheric  electron  density.  These  irregularities 
give  rise  to  scintillation  of  the  signal. 

Many  of  the  satellite  communications  systems  employ  satellites  in  geostationary  orbit 
(INTELSAT,  COMSAT,  DSCS , NATO,  MARISAT)  but  lower  orbit  communications  satellites  (AFSATCOM) 
are  also  operating.  Satellite  communication  systems  have  recorded  fading  effects  at  fre- 
quencies to  6 GHz  (with  peak-to-peak  values  of  a few  dB) ; fading  of  over  20  dB  was  noted 
recently  at  1200  MHz,  in  the  band  used  by  MARISAT  (Fremouw  et  al.6).  A high  occurrence 
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of  fading  greater  than  20  dB  peak-to-peak  has  been  noted  at  250  MHz,  in  the  band  of 
frequencies  used  by  FLEETSATCOM  and  AFSATCOM ' . In  system  operations,  attention  must  also 
be  paid  to  this  phenomenon  at  equatorial  latitudes  by  MAR  1 SAT  and  AEROSAT  (the  L Band 
Maritime  and  Aeronautical  Satellite  Systems).  At  both  equatorial  and  high  latitudes, 
scintillation  effects  will  be  seen  on  UHF  communications  systems  (100  - 600  MHz)  as  well 
as  l.  band  systems. 

Figure  3 is  a figure  given  by  Aarons’  and  gives  a tracing  of  observations  made  of 
equatorial  scintillations  at  Huancayo,  Peru,  while  observing  the  synchronous  satellite 
LES-6.  The  top  portion  of  the  figure  shows  the  amplitude  and  fade  duration  while  the 
lower  portion  shows  the  statistics  of  fade  duration  and  signal  probability.  This  illus- 
trates how  ionospheric  scintillation  can  impact  the  performance  of  satellite  communica- 
tion systems. 

3.3  Satellite  Surveillance  Systems 

In  addition  to  communication  and  navigation  systems,  satellites  are  used  for  surveil- 
lance purposes.  Examples  of  this  type  of  system  are  the  SEASAT  system  that  was  designed 
to  monitor  activity  in  the  ocean  areas  of  the  world  and  the  LANDSAT  system  which  provides 
information  about  the  earth's  natural  resources.  Both  these  systems  utilize  frequencies 
between  2.0  and  3.0  GHz.  Signals  are  sent  from  the  satellite  to  the  earth's  surface  and 
the  satellite  observes  the  return  signal.  It  is  assumed  that  as  the  satellite  moves 
between  the  time  that  the  signal  is  sent  and  it  is  returned  that  the  propagation  medium 
remains  frozen  in  space.  The  movinq  satellite  gives  the  appearance  of  a wide  aperture 
antenna  and  such  systems  have  been  denoted  as  synthetic-aperture  radar  systems. 

Durinq  passage  of  the  signal  from  the  satellite  to  the  earth  and  return,  the  medium 
does  not  remain  constant.  Irregularities  in  the  medium  can  introduce  fading  and  changes 
in  the  phase  of  the  signal.  The  synthetic-aperture  radar  surveillance  systems  rely  on 
the  principle  of  coherently  integrating  the  return  signals  over  a (simulated)  large 
antenna  aperture.  Phase  scintillations  could  result  in  loss  of  coherence  across  the 
aperture.  In  addition,  fading  due  to  ionospheric  irregularities  could  limit  the  amount 
of  time  the  systems  integrate  on  a single  target. 

3.4  Space-Object  Identification  Radars 

There  exist  in  actual  operation  and  in  the  planning  stages,  ground-based  radars 
whose  function  is  to  detect  and  track  space  objects.  These  objects  can  be  either  ballistic 
missiles  or  orbiting  satellites.  The  radars  designed  to  perform  these  functions  operate 
at  frequencies  as  low  as  250  MHz  and  as  high  as  1600  MHz.  The  effects  of  the  ionosphere 
on  the  performance  of  space-object  identification  radars  are  to  slow  down  the  transmitted 
radar  wave  and  to  refract  the  wave.  This  results  in  the  detected  object  appearing  to  be 
at  a further  ranqe  and  a lower  height  from  the  radar  than  it  actually  is. 

Detection  radars  could  conceivably  employ  dual  frequencies  in  order  to  reduce  the 
uncertainty  in  range  and  elevation  angle  resulting  from  the  ionosphere.  Suppose  that  such 
a radar  is  operating  at  400  MHz  and  that  a correction  for  an  electron  content  of  101*  el/m2 
is  required.  At  400  MHz,  this  value  of  TEC  corresponds  to  an  ionospheric  time  delay  of 
840  nanoseconds,  or  250  meters  of  range  error.  To  determine  the  840  nanosecond  delay  at 
400  MHz,  further  suppose  that  a second  system  frequency  at  350  MHz  is  utilized.  The 
differential  delay  will  then  be  4.27  times  smaller,  or  197  nanoseconds.  To  measure  this 
differential  time  delay  to  a one  percent  precision  requires  a 2 nanosecond  accuracy. 

Rather  than  use  two  frequencies,  most  space-object  radars  relay  on  single  frequency  opera- 
tion. Thus,  some  compensation  for  ionospheric  effects  must  be  employed. 

At  VHF  and  hiqher  frequencies,  the  electron  density  along  the  radio  propagation  path 
is  the  only  variable  that  needs  to  be  considered.  The  radar  wave  can  be  considered  to 
travel  a straight  line  from  the  radar  to  the  space  object  with  a first  order  correction 
for  the  change  in  the  apparent  ranqe  (AR) . The  apparent  range  is  related  to  the  group 
path  delay  given  in  Eq. (6)  by: 

AR  « c AT  (9) 

where  c is  the  velocity  of  light  or 

AR  - jt  TEC  (10) 

In  the  case  of  Eq.  (10),  TEC  must  be  evaluated  from  the  base  of  the  ionosphere  up  to  the 
height  at  which  the  space  object  is  located.  The  change  in  elevation  angle  is  simply 
related  to  the  change  in  range  by  Eqs. (3a)  and  (3b). 

The  correction  for  AR  may  be  modeled  using  ionospheric  models.  These  models  tend  to 
be  monthly  median  in  nature  and  help  account  for  the  average  range  error  introduced  by  the 
ionosphere.  Because  the  range  correction  depends  on  ionospheric  electron  density,  it 
shows  the  same  diurnal,  seasonal  and  solar  cycle  dependencies  as  do  the  electron  density 
and  the  TEC.  Figure  4 given  by  Allen  et  al.  provides  an  indication  of  the  monthly  mean 
range  correction  that  must  be  applied  to  a 425  MHz  radar  operating  at  50°N  geographic 
latitude.  In  developing  this  figure,  Allen  et  al."  assumed  that  the  radar  was  looking  at 
a target  at  1000  km  altitude  with  an  elevation  angle  of  five  degrees.  The  values  of 
range  correction  were  computed  from  the  model  of  Bent  et  al.5  and  are  applicable  for  the 
midday  period  when  the  electron  content  (and  hence  the  range  correction)  is  maximum. 
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The  range  correction  is  given  for  various  levels  of  solar  activity  (denoted  by  R„,  the 
twelve-month  running  mean  sunspot  number) . It  is  readily  apparent  that  the  range  correc- 
tion is  greatest  in  winter  and  equinoctial  months  and  minimum  in  summer  months. 

Because  of  radar  accuracy  requirements  coupled  with  the  fact  that  the  ionosphere  dis- 
plays significant  variations  on  time  scales  considerably  shorter  than  a monthly  median, 
there  have  been  developed  methods  to  adapt  and  update  the  median  corrections  using  real- 
time or  quasi-realtime  time  delay,  range  correction  or  ionospheric  data  8-1 These 
methods  attempt  to  account  for  the  observed  ionospheric  variability  in  reducing  overall 
system  uncertainty. 

3.5  Satellite  Power  System 

It  is  worthwhile  pointing  out  a possible  ionospheric  impact  on  the  performance  of  the 
proposed  Satellite  Power  System  (SPS) . The  SPS  is  not  a typical  telecommunication  system 
but  it  does  represent  a new  and  unique  application  of  satellite  transmission  of  electro- 
magnetic energy. 

The  SPS,  according  to  current  systems  concepts,  will  involve  a number  of  satellites 
in  geostationary  orbit  collecting  solar  energy  using  solar  cells.  The  radiant  solar 
energy  will  be  converted  to  microwave  energy  and  transmitted  to  a station  on  the  earth's 
surface.  The  effects  of  the  passage  of  the  high-power  microwave  beam  through  the  iono- 
sphere will  not  be  discussed  here.  The  interested  reader  is  referred  to  the  work  of 
Perkins  and  Roble12.  It  is  worthwhile  to  mention,  however,  that  the  control  and  beam 
steering  sub-systems  that  will  be  part  of  the  SPS  rely  on  a pilot  beam  operating  near 
the  SPS  frequency  of  2.45  GHz.  The  pilot  beam  will  transmit  energy  to  the  satellite  to 
steer  the  microwave  power  beam  to  the  receiving  station  on  the  earth.  If  there  are 
irregularities  in  the  ionosphere  along  the  path  traversed  by  the  pilot  beam,  it  is 
possible  that  the  control  sub-system  could  be  impacted.  Studies  to  investigate  these 
and  other  SPS-related  phenomena  are  being  undertaken  within  the  United  States. 


4.0  TOTAL  ELECTRON  CONTENT 

Because  the  range  errors,  group  path  delay  and  elevation  angle  deviations  that  a 
transionospher ic  radio  propagation  system  experiences  all  depend  on  the  integrated 
electron  density  between  the  two  terminals  of  the  system,  the  total  electron  content 
(TEC)  represents  a convenient  parameter  for  characterizing  ionospheric  effects.  Knowing 
the  TEC  as  a function  of  time  and  space  and  the  TEC  as  a function  of  various  heights 
above  the  earth,  enables  one  to  assess  the  potential  impact  of  the  earth's  ionized 
medium  on  the  performance  of  a transionospheric  propagation  system  simply  by  employing 
the  appropriate  geometry  and  frequency  dependencies.  Generally  the  range  error  is  the 
main  ionospheric  problem  for  advanced  navigation  systems,  and  elevation  angle  errors 
are  insignificant.  Satellite  detection  radar  systems,  on  the  other  hand,  have  require- 
ments to  know  accurate  pointing  elevation  anglps  for  their  large  aperture  arrays,  though 
generally  the  accurate  tracking  is  done  by  using  range  rate  information,  and  elevation 
angle  is  of  secondary  importance  as  long  as  the  radar  can  see  the  target. 

Because  of  the  importance  of  TEC  on  systems  that  have  military  missions,  Department 
of  Defense  laboratories  such  as  the  Air  Force  Geophysics  Laboratory  and  the  Ionospheric 
Laboratory  at  Fort  Monmouth,  New  Jersey,  have  been  instrumental  in  the  collection  of, 
distribution  of,  coordination  of,  and  description  of  total  electron  content  data.  It 
is  for  that  reason  that  the  discussion  which  follows  borrows  heavily  from  the  work  of 
Klobuchar 1 . 

Much  of  the  data  on  TEC  have  been  obtained  from  Faraday  rotation  measurements.  These 
measurements  are  such  that  the  TEC  up  to  about  2000  km  altitude  is  obtained.  Fortunately, 
most  of  the  ionization  in  the  ionosphere  is  contained  at  the  altitudes  below  this  height 
and  the  Faraday  data  and  models  derived  from  them  are  extremely  effective  in  assessing 
system  performance.  These  data  and  the  resultant  models  can  be  adjusted  to  include  the 
effects  of  ionization  observed  well  above  1000  km.  The  models  can  also  be  used  to 
determine  the  integrated  electron  content  at  heights  below  1000  km  by  again  adjusting 
the  models  according  to  specific  system  data.  The  changes  in  TEC  that  result  from  diurnal, 
seasonal  and  solar  cycle  variations  all  tend  to  display  comparable  periodicities  that 
are  not  too  dependent  upon  the  height  to  which  the  electron  content  is  integrated. 
Obviously,  the  magnitude  of  the  TEC  is  dependent  upon  the  height  to  which  the  content  is 
integrated . 

In  the  following  sections,  we  shall  discuss  the  morphology,  the  models  and  the  obser- 
vations of  total  electron  content.  Since  TEC  is  directly  related  to  group  delay  ( Eq . ( 6 ) ) 
and  range  correction  (Eq.(10)),  these  terms  will  be  used  interchangeably.  Figure  5,  taken 
from  CCIR  Report  26 3—4 1 * , provides  a convenient  display  of  the  time  delay  in  seconds  as  a 
function  of  frequency  for  various  levels  of  TEC. 

4.1  Morphological  Behavior  of  Total  Electron  Content 

Sufficient  TEC  data  are  now  available  from  various  locations  throughout  the  world  to 
be  able  to  describe  the  diurnal,  seasonal,  geographic,  solar  cycle,  and  magnetic  activity 
dependence  of  this  parameter  so  that  systems  design  engineers  are  able  to  determine  the 
potential  effects  on  any  new  transionospheric  system.  To  a first  approximation,  the  global 
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behavior  of  TEC  is  comparable  to  that  of  the  critical  frequency  of  the  F2  region  foF2, 
accounting  for  the  fact  that  the  electron  density  is  proportional  to  the  critical  frequency 
squared.  The  daytime  values  are  larger  than  the  nighttime  values  and  the  summertime 
values  are  less  than  those  in  winter  dr  equinoxes.  The  TEC  of  the  ionosphere  depends 
strongly  on  latitude,  local  time,  and  geomagnetic  activity.  At  low  magnetic  latitudes, 

TEC  exhibits  the  same  latitudinal  behavior  and  equatorial  anomaly  as  does  foF211'.  In  the 
mid-latitudes,  the  TEC  has  been  observed  for  many  years  at  a number  of  stations  and  the 
behavior  of  TEC  is  well  documented15'14.  A continuing  effort  is  underway  to  enlarge  the 
TEC  observing  network  and  data  base. 

As  mentioned  above,  most  of  the  TEC  measurements  have  been  obtained  using  the  Faraday 
method.  This  TEC  is  usually  referred  to  as  ionospheric  TEC  as  distinct  from  the  total 
content  measured  up  to  the  geostationary  satellite  height  which  will  be  denoted  as  TEC™. 

TEC„  can  be  measured  by  a VHF  group  delay  method  which  is  practically  independent  of  the 
geomagnetic  field17. 

Continuous  TEC  data  have  been  recorded  at  various  stations.  An  example  of  a year's 
TEC  data  taken  at  Hamilton,  Massachusetts,  with  the  daily  values  for  each  month  over- 
plotted, is  given  in  Figure  6.  Note  the  large  day-to-day  variability  within  each  month 
and  the  seasonal  changes,  with  the  lowest  TEC  values  occurring  during  the  summer  months 
and  the  largest  values  during  the  equinoxes.  Some,  but  by  no  means  all,  of  the  daily 
variability  of  TEC  about  the  monthly  mean  curve  is  due  to  magnetic  storms  which  have  been 
extensively  studied  for  the  behavior  of  the  TEC  parameter18. 

The  distribution  of  the  differences  of  TEC  from  monthly  mean  values  is  approximately 
normal  or  Gaussian.  The  standard  deviation  of  daily  TEC  values  from  the  average  behavior 
for  Hamilton,  Massachusetts,  for  1969  is  given  in  Figure  7 separately  for  the  winter, 
summer,  and  equinox  seasons  as  a function  of  local  time  of  the  day.  The  percentage 
standard  deviation  is  perhaps  most  important  during  the  midday  period  when  the  absolute 
values  of  TEC  are  highest.  During  this  midday  period,  the  standard  deviation  is  approxi- 
mately twenty  percent.  Figure  8 shows  similar  data  for  the  solar  minimum  period  of 
1974-75  when  the  midday  standard  deviation  of  TEC  at  Hamilton  is  between  20  and  25  per- 
cent. The  nighttime  values  of  standard  deviation  are  considerably  higher,  but  the  abso- 
lute TEC  values  are  much  lower  at  night  during  solar  minimum  conditions  than  at  other  times. 
These  are  the  deviations  of  TEC  that  must  be  taken  into  account  in  many  transionospheric 
systems  in  addition  to  the  average  level  of  TEC. 

While  the  standard  deviation  does  give  a good  estimate  of  the  variability  of  iono- 
spheric time  delay,  there  are  rare  times  when  the  distribution  of  TEC  values  departs 
greatly  from  a normal  curve,  such  as  during  a large  magnetic  storm  when  worst  case 
departures  from  monthly  average  conditions  are  likely  to  occur.  Any  system  design  engineer 
must  be  careful  to  consider  worst  case  TEC  values,  even  though  they  occur  infrequently. 

Under  certain  conditions  involving  transmissions  between  the  surface  of  the  earth 
and  high  altitude  satellites  or  other  space  objects,  the  TEC„  is  needed.  Recent  studies 
by  Soicher1’  have  shown  that  the  portion  of  TEC_  not  due  to  the  ionosphere  but  due  to  the 
ionization  in  the  plasmasphere  varies  anywhere  from  45  percent  (during  the  night)  to  10 
percent  (during  the  day)  of  the  ionospheric  content,  TEC.  The  plasmaspher ic  portion  of 
TECT  shows  a much  smaller  diurnal,  seasonal,  and  day-to-day  ionospheric  contribution. 

The  relatively  small  magnitude  of  these  variations  suggest  that  the  models  of  TEC  can 
be  adjusted  to  give  TECT  simply  by  adding  a constant  correction19. 

4.2  Models  of  Total  Electron  Content 

Because  measurements  of  TEC  are  made  at  discrete  points  on  the  globe  and  because 
system  requirements  are  such  that  the  system  engineer  requires  the  flexibility  to 
evaluate  TEC  and  its  effects  at  any  point  on  the  globe,  models  of  the  world-wide  distribu- 
tion of  TEC  have  been  developed.  These  models  generally  represent  the  average  behavior 
of  the  ionospheric  density  or  total  electron  content.  Models  of  the  ionization  density 
in  the  form  of  profiles  can  be  used  to  evaluate  total  electron  content  simply  by  numeri- 
cally integrating  the  electron  density  profile  for  the  base  of  the  ionosphere  up  to  the 
desired  height.  Models  of  TEC  can  be  classified  as  either  physical  or  empirical  in  nature. 

A physical  model  is  one  in  which  attempts  are  made  to  mathematically  describe  the 
physical  processes  which  result  in  the  free  electrons  in  the  earth's  ionosphere.  Given 
initial  conditions  of  the  earth's  atmosphere,  the  solar  ionizing  radiation  which  impinges 
upon  it,  and  a knowledge  of  the  many  reaction  rates  involved,  electron  density  profiles 
as  a function  of  geographic  position  and  height  can  be  calculated.  Such  electron  density 
values  can  then  easily  be  integrated  along  any  radio  wave  path  used  to  compute  ionospheric 
time  delay  at  a system  operating  frequency.  The  Penn  State  Model20  developed  by  Nisbet  is 
perhaps  the  most  well  known  physical  model. 

While  physical  models  certainly  have  the  greatest  long  term  potential  of  solving 
and  describing  the  world-wide  TEC,  at  present,  their  use  and  accuracy  are  severely  limited 
by  a knowledge  of  the  input  conditions.  Also,  considerable  computer  resources  are  re- 
quired to  run  such  models.  Their  use  by  system  design  engineers  is  not  recommended  at 
this  time1  for  other  than  initial  planning  purposes. 

Empirical  models  are  usually  mathematical  descriptions  of  available  experimental  data 
that  have  been  grouped  in  some  coherent  manner.  Many  of  these  models  combine  specific 
representations  of  the  behavior  of  selected  ionospheric  parameters  with  formulae  describing 


the  vertical  distribution  of  the  ionized  atmosphere.  Perhaps  the  most  complete  empirical 
model  is  that  given  by  the  CCIR  in  Report  340* ' . This  model  gives  values  of  the  global 
behavior  of  various  ionospheric  parameters  in  the  form  of  equations  and  coefficients  that 
are  related  to  solar  activity.  Empirical  models  developed  to  represent  the  vertical 
distribution  of  the  ionospheric  electron  density  have  been  given  by  Flattery  et  al.**; 
Chiu**;  Bradley  and  Dudeney*6;  Rawer  et  al.*s;  and  Rush  and  Miller*6. 

An  ionospheric  profile  model  from  which  TEC  can  be  easily  obtained  has  been  developed 
by  Bent6  in  which  he  used  the  analytic  representations  as  a base  and  developed  topside 
ionospheric  thickness  parameter  values  from  the  Alouette  satellite  topside  sounder.  His 
model,  while  world-wide  in  application,  contains  topside  information  mainly  from  the  70°w 
longitude  meridian  region,  and  is  expected  to  work  best  in  that  region.  The  Bent  model  is 
perhaps  the  best  presently  available  state-of-the-art  empirical  TEC  model. 

Klobuchar*7  constructed  an  algorithm  of  ionospheric  time  delay  for  users  who  do  not 
have  large  computer  resources.  It  was  designed  to  obtain  an  approximate  50  percent  correc- 
tion for  ionospheric  time  delay  including  day-to-day  variability.  His  model  representation 
attempts  to  fit  the  monthly  average  TEC  at  those  times  of  the  day  when  time  delay  values 
are  greatest.  He  makes  no  attempt  to  update  for  day-to-day  variability,  though  the  model 
representation  can  easily  be  adapted  for  this  purpose.  Only  eight  coefficients  are  used 
to  represent  the  world-wide  behavior  of  ionospheric  time  delay. 

An  example  of  how  these  models  can  be  utilized  in  systems  design  applications  is  given 
in  Figures  9 and  10.  These  figures,  deduced  using  the  model  of  Bent5,  show  contours  of 
the  percentage  of  yearly  daytime  hours  that  the  time  delay  at  1.6  GHz  (determined  for  TEC 
by  Eq . ( 6 ) ) exceeds  the  indicated  number  of  nanoseconds.  Figure  9 shows  the  results  for 
low  sunspot  number  (SSN=10)  and  Figure  10  shows  the  results  for  high  sunspot  number 
(SSN=110) . The  highest  percentage  contours  occur  over  the  equator  and  the  lower  latitudes. 
Unless  a system  is  designed  that  can  operate  with  time  delays  of  this  magnitude,  correc- 
tion factors  in  the  form  of  models  must  be  developed. 

The  models  of  TEC  fairly  well  represent  the  monthly  average  values  at  many  locations. 

In  the  near-equatorial  locations,  there  are  little  available  data  against  which  the  models 
may  be  tested,  except  for  a few  locations  such  as  Hawaii  and  Hong  Kong.  The  near-equatorial 
regions  are  very  important  for  world-wide  navigation  systems  which  require  TEC  corrections 
because  the  highest  TEC  values  are  found  in  this  part  of  the  world. 

To  make  any  significant  improvement  upon  the  monthly  average  climatology  of  TEC  near- 
realtime measurements  must  be  made.  DuLong*8  has  shown  that,  for  data  taken  from  the 
same  location  in  the  same  direction,  useful  improvements  to  climatology  can  be  made  with 
data  up  to  three  hours  old.  Figure  11,  derived  from  DuLong,  shows  the  percent  TEC  remain- 
ing after  correction  for  near-realtime  TEC  data.  The  improvement  over  monthly  climatology 
is  high  during  solar  maximum  daytime  periods  when  the  absolute  values  of  TEC  are  highest, 
which  is  when  a good  correction  is  most  required.  During  solar  minimum  periods,  a 
three-hour  forward  prediction  based  upon  actual  measurements,  in  the  same  direction  as 
the  one  for  which  an  updated  TEC  value  is  required,  is  not  any  better  than  the  use  of  a 
monthly  or  seven-day  running  value.  During  the  sunrise  and  sunset  periods,  the  useful 
time  interval  over  which  a measurement  can  improve  upon  climatology  is  shorter,  due  to 
the  large  geographic  gradients  which  exist  during  these  periods. 

Because  the  TEC  that  is  used  to  update  the  models  may  be  measured  at  locations  that 
are  not  exactly  those  where  the  models  are  to  be  applied  operationally,  it  may  be  neces- 
sary to  extend  and  extrapolate  the  observations.  The  usefulness  of  the  observations  in 
providing  accurate  information  decreases  quite  rapidly  with  increasing  distance  between  the 
observation  location  and  the  location  where  the  updated  information  is  to  be  applied*9-51. 

4.3  Behavior  of  TEC  During  Magnetic  Storms 

Because  of  the  variations  in  TEC  that  occur  during  some  geomagnetic  disturbances,  a 
great  deal  of  attention  has  been  devoted  to  describing  and  predicting  the  effects.  The 
changes  in  TEC  during  magnetic  storms  can  be  larger,  faster,  and  more  extensive  than  those 
associated  with  normal  day-to-day  variations.  The  changes  in  the  ionosphere  resulting 
from  magnetic  activity  have  long  been  the  subject  of  detailed  studies.  Figure  12  provides 
an  indication  of  the  percentage  change  in  TEC  as  a function  of  local  time.  This  figure 
was  taken  from  the  work  of  Mendillo  et  al.5*  and  represents  the  disturbed  daily  variation 
of  TEC  averaged  over  75  mid-latitude  magnetic  storms. 

The  electron  content  in  the  plasmosphere  usually  shows  a marked  depletion  as  maqnetic 
activity  increases  but  enhancements  in  electron  content  have  been  observed  (Davies55  and 
references  contained  therein) . The  plasmospher ic  content  appears  to  return  to  values  com- 
parable to  the  monthly  average  anywhere  from  seven  to  fourteen  days  after  the  onset  of  the 
magnetic  storm55. 
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5.0  TRANS IONOSPHERIC  SCINTILLATIONS 

5.1  Basic  Theory  of  Ionospheric  Scintillation 

When  a radio  wave  passes  throuqh  irregular  structures  in  electron  density  of  the 
ionosphere,  it  is  diffracted  and  fluctuates  in  amplitude  and  phase.  Early  studies  revealed 
that  the  irregularities  giving  rise  to  ionospheric  scintillation  occurred  mainly  in  the 
F-reqion  and  were  aligned  along  the  geomagnetic  field  lines.  It  is  now  known  that  irregu- 
larities associated  with  precipitation  of  charged  particles  at  high  latitudes  give  rise 
to  irregularities  at  heights  in  the  E-region  of  the  ionosphere  which  also  induce  scintil- 
lation phenomena  on  signals  traversing  the  irregularity  structure. 

The  status  of  scintillation  theory  and  the  agreement  between  theoretical  predictions 
and  observations  have  recently  been  reviewed  in  detail  by  Crane’* . The  interested  reader 
is  referred  to  the  work  of  Crane  for  the  details  of  the  mathematical  treatment  necessary 
to  derive  the  pertinent  equations.  We  will  concern  ourselves  here  only  with  selected 
pertinent  aspects  of  scintillation  theory. 

The  electron-density  irregularities  responsible  for  ionospheric  scintillation  form  a 
volume  of  random  refractive  index  irregularities  along  the  propagation  path.  A complete 
theory  for  wave  propagation  through  a medium  with  random  dielectric  constant  fluctuations 
is  not  available.  Approximate  solutions  or  models  have  been  proposed  that  apply  under 
restrictive  conditions.  Contributions  to  the  development  of  these  models  have  come  from 
the  areas  of  optical  propagation  through  the  lower  atmosphere,  acoustical  propagation 
through  the  ocean  and  the  atmosphere,  and  radiowave  propagation  through  the  lower  atmos- 
phere, ionosphere,  and  interstellar  space. 

Using  the  assumptions  that  the  wave  may  be  represented  by  E « Eelut,  where  ui  * 2iF, 

F is  the  carrier  frequency,  t is  the  time,  and  E is  the  electric  field  vector;  that  a 
component  of  E is  represented  by  u;  that  the  dielectric  properties  of  the  medium  change 
slowly  in  time  in  comparison  with  1/F  and  slowly  in  space  in  comparison  with  the  wavelength 
X;  and  that  polarization  effects  are  not  important,  the  propagation  of  the  wave  through  the 
the  irregularity  region  is  governed  by  the  scalar  wave  equation. 

VJu  t k’eu  - 0 (11) 


where  k = 2"/X,  E is  the  dielectric  constant  (e  » 2n,  n is  the  index  of  refraction),  and 
both  u and  r are  random  variables.  If  further,  the  dominant  variations  in  dielectric 
constant  occur  on  scale  sizes  of  the  order  of  the  size  of  the  first  Fresnel  zone 
(r  « / Vz  where  Z is  the  reduced  distance  equal  to  ,>(L  - o)/L,  L is  the  path  length  and 
P 'fs  the  distance  from  one  end  of  the  path  to  the  irregularity)  or  larger,  the  enerov  is 
scattered  into  the  forward  direction  and  (11)  may  be  replaced  by  the  diffusion  approxi- 
mat ion : 


-i2k  + VjU  > k’tU 


0 


(12) 


where  u • Ue  ll'x,  x the  direction  of  propagation,  and  \?f  ■ 3J/3yJ  4 3*/3z2,  the  trans- 
verse Laplacian.  -L 

In  order  to  solve  either  Eg. (11)  or  Eq.(12),  certain  approximations  must  be  made  con- 
cerning the  refractive  index  (the  spectrum  of  the  irregularities)  and  the  manner  in  which 
the  radio  wave  interacts  with  the  irregularities. 


The  generally  accepted  model  for  ionospheric  scintillation  has  been  the  thin  phase 
diffraction  screen  model1'.  In  this  approximation,  the  irregularity  region  or  the  effect 
of  the  irregularities  is  assumed  to  occur  in  a thin  layer.  The  thin  phase  screen  approxi- 
mation, however,  does  not  provide  a recipe  for  establishing  a connection  between  the 
electron-density  fluctuations  in  the  generally  thick  irregularity  reqion  above  the  refer- 
ence plane  which  is  used  for  the  thin  phase  changing  screen.  The  phase  fluctuations  at 
the  screen  are  calculated  using  geometrical  optics.  The  geometrical  optics  approximation 
may  be  obtained  by  assuming  that  the  scale  sizes  of  the  electron-density  fluctuations  are 
much  larger  than  the  size  of  the  first  Fresnel  zone  for  propagation  from  the  source  to 
the  screen.  In  this  approx imat ion,  the  effect  of  diffraction  by  irregularities  above  the 
screen  is  ignored  by  calculating  the  field  at  the  screen.  This  approximation  is  justified 
if  the  layer  is  thin  enough  for  /STZ<<1  where  1 is  the  size  of  the  smallest  irregularity, 
a situation  rarely  encountered  in  transionosphe?ic  propagation. 

Recent  work  in  the  analysis  of  strong  scintillation  has  attempted  to  use  the  concept 
of  multiple  thin  screens  to  remove  the  requirement  for  the  use  of  the  geometrical  optics 
approximation  in  the  thin-screen  model"'. 

The  intensity  at  which  scintillations  are  observed  depends  upon  the  position  of  the 
observer  relative  to  the  irregularities  in  the  ionosphere  that  cause  the  scintillation. 
Keeping  both  the  thickness  of  the  irregularity  region  and  AN,  the  electron  density  devia- 
tion of  the  irregularity,  constant,  geometrical  factors  have  to  be  considered  to  evaluate 
data.  Among  these  factors  are; 

(1)  the  zenith  distance  of  the  irregularity  at  the  ionospheric  layer; 

(2)  the  propagation  angle  relative  to  the  earth’s  magnetic  field; 

(3)  the  distance  from  the  irregularity  region  to  the  source  and  to  the  observer. 
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Concerning  the  frequency  dependence  of  scintillation,  observations’  1 employing  ten 
f requenc i<^s  between  118  MHz  and  2.9  GHz  transmitted  from  the  same  satellite,  show  a con- 
sistent l1-’  behavior  of  S„  for  S*  less  than  about  0.6.  The  frequency  dependence  is  less 
steep  for  stronqer  scintillation,  with  S,  attaining  a maximum  value  near  unity  with  a few 
rare  exceptions.  The  same  observations  show  that  the  phase  scintillation  index,  o (de- 
fined as  the  standard  deviation  of  phase  in  the  fluctuation-spectral  range  containing 
intensity  scintillations),  varies  as  \ under  most  conditions. 

The  fading  period  of  scintillation  varies  over  quite  a large  range.  The  fading 
period  depends  both  upon  the  apparent  motion  of  the  irregularities  relative  to  the  ray 
path  and  in  the  case  of  strong  scintillation  on  its  severity.  For  strong  scintillation 
with  S.  >0.4  or  where  peak  to  peak  fading  is  greater  than  8 dB,  the  fading  period  is 
shorter  than  for  weak  scintillation  with  the  same  relative  velocity.  The  fading  period 
of  gigahertz  scintillation  at  the  equator  ranges  from  2-15  seconds.  The  qigahertz  meas- 
urements were  in  the  weak  scintillation  limit  and  were  made  when  both  the  transmitter  and 
receiver  were  stationary;  therefore,  the  observed  fading  periods  reflect  the  motion  of 
the  ionospheric  irregularities. 

The  fading  rate  is  a function  of  ground  pattern  size  and  motion  of  the  ionospheric 
winds,  the  observer  and  the  source.  Essentially  at  all  latitudes  the  ground  pattern  size 
is  frozen  when  observing  low  altitude  satellite  signals.  When  observing  synchronous 
satellites  from  ground  stations,  the  wind  pattern  determines  the  fading  rate. 

5.2  Ionospheric  Scintillation  in  Equatorial  Regions 

The  morphological  behavior  of  scintillations  in  the  equatorial  reqions  of  the  qlobe 
and  a discussion  of  the  causes  of  the  scintillation  producing  ionospheric  irregularities 
has  been  recently  given  by  Aarons’  ; the  discussion  presented  here  will  closely  follow 
that  work.  Further  information  is  available  in  Aarons  et  al.’8. 

In  the  equatorial  region,  the  typical  development  of  scintillation  from  an  ionosphere 
devoid  of  intense  irregularities  to  that  where  deep  fading  is  observed  is  often  abrupt 
and  dramatic  as  shown  in  Figure  13.  The  start  of  scintillations  can  often  be  noted  to 
take  place  within  a few  seconds.  An  example  of  the  fast  onset,  the  deep  rapid  continuous 
fluctuation  and  finally  the  slowing  and  more  sporadic  fadinq  is  shown  in  the  top  panel  of 
the  figure.  The  observations  illustrated  are  of  the  254  MHz  transmissions  of  LES-6.  The 
use  of  a large  antenna  (in  this  case,  28  ft  in  diameter)  has  allowed  deep  fading  to  be 
observed,  frequently  of  the  order  of  20  dB  below  mean  level.  Rapid  deep  fading  character- 
izes the  beginning  of  the  scintillation  activity.  As  the  night  progresses,  the  scintil- 
lation frequently  becomes  more  sporadic.  The  small  scale  irregularities  are  contained  in 
the  large  scale  patches  that  move  across  the  path.  Finally,  at  the  end  of  the  scintilla- 
tion activity,  the  scintillations  change  character,  and  long  fades  may  remain  below  fade 
margins  of  6 dB  for  5 to  30  seconds. 

The  patterns  of  scintillation  activity  show  great  variety.  One  pattern  that  has  been 
observed  frequently  is  of  a patchy  nature.  Scintillations  on  one  satellite  path  start  and 
stop  during  the  night  several  times,  with  the  patch  moving  through  the  propagation  path  in 
times  of  the  order  of  20  minutes  to  several  hours.  Similar  lifetimes  of  the  patches  of 
irregularities,  as  well  as  their  velocities,  have  been  reported  in  transequator ial  studies 
of  irregularities  by  HF  transmissions. 

In  the  equatorial  region,  experiments  were  performed  to  study  the  development  and 
maintenance  of  the  large  scale  irregularity  patches  (several  hundred  kilometers  EW  and 
many  times  that  NS)  which  often  contain  the  small  scale  irregularities  of  approximately 
3 m to  1 km  which  produce  VHF  to  microwave  scintillation. 

Figure  14  shows  typical  patch  three-dimensional  structure  at  local  times  depending  on 
the  stage  of  formation  or  dissolution.  With  the  formation  of  a thin  layer  of  irregulari- 
ties (approximately  1930  local  time)  UHF  scintillations  start  with  5 dB  peak-to-peak  values 
typical.  Fadinq  rates  (on  the  ground)  are  typically  10/min.  During  the  formation  of  the 
plume,  scintillations  show  greater  depth  (approximately  20  dB  peak-to-peak);  irregularity 
thickness  increases  as  well  as  strength  of  returns;  rates  exceed  10/min.  It  is  during 
this  time  that  microwave  scintillations  are  probably  observed. 

_1After  formation,  an  irregularity  structure  moves  east  at  speeds  between  50  and  150  m 
sec  . Scintillations  observed  during  this  phase  are  still  high.  At  a later  stage,  irregu- 
larities within  a specific  patch  begin  to  decrease  in  intensity,  resulting  in  lower  scintil- 
lation levels.  Limited  observations  sugqest  that  the  eastward  motion  of  these  patches 
slows  down  in  the  later  stage,  around  midnight. 

There  are  seasonal  maxima  of  the  occurrence  of  equatorial  scintillations.  The  pre- 
cise pattern  varies  as  a function  of  longitude  and  solar  flux.  The  seasonal  pattern  and 
the  solar  cycle  dependence  can  best  be  illustrated  with  the  aid  of  Figures  15a  and  15b, 
utilizing  observations  at  Huancayo,  Peru,  of  ATS-3  transmitting  at  137  MHz. 

Figure  15a  utilizes  data  taken  at  the  peak  of  the  solar  cycle  (August  1969  to 
July  1970)  with  another  period  (Figure  15b)  centered  around  a minimum  in  the  solar  cycle 
(August  1973  to  July  1974) . There  is  a higher  occurrence  of  deep  scintillations  (a  scin- 
tillation index  (SI)  greater  than  60  (6  dB  peak-to-peak))  with  an  S,  of  0.3  during  a year 
of  high  solar  flux  (August  1969  to  July  1970)  than  during  a year  with  low  solar  flux 
(August  1973  to  July  1974) . The  magnetic  index  K range  is  in  both  cases  from  0-3  to  avoid 
possible  confusion  with  magnetic  storm  effects.  p 


Mullen  and  Hawkins”  found  that  the  peak  of  the  equinoctial  activity  took  place  in 
November  and  March  at  Accra,  Ghana,  whereas  Huancayo  data  show  a diffuse  maximum  from 
October  through  March,  with  only  a slight  decrease  in  scintillation  activity  in  December. 

The  seasonal  pattern  for  the  eastern  region  of  Asia  is  not  clearly  ascertained. 
Nichols'11  found  the  seasonal  pattern  of  250  MHz  fades  to  maxmize  between  April  and  October. 
Taur'1,  using  4 and  6 GHz  data,  found  maximum  occurrence  in  February  to  April  and  September 
to  November.  He  worked  with  global  statistics.  Basu  et  al.'?  presented  the  estimated 
worldwide  equatorial  morphology  of  percentage  scintillation  greater  than  or  equal  to  4.5 
dB  at  140  MHz  for  November-December  1969  and  1970  during  1900-2300  LT  on  magnetically 
quiet  days  based  on  250  Ogo-6  orbits  (Figure  16).  A great  variability  in  occurrence  as 
a function  of  longitude  is  seen. 

5.3  Ionospheric  Scintillation  at  Hiqh  Latitudes 

In  the  high  latitude  ionosphere,  scintillation  tends  to  maximize  above  the  aurora*’. 

At  polar  latitudes,  the  observed  scintillation  level  is  high  but  somewhat  lower  than  at 
auroral  latitudes  1 9 . 


During  magnetic  storms,  scintillation  levels  increase  dramatically  with  local  excur- 
sions of  the  magnetic  field.  Statistically,  scintillation  level;,  increase  with  K and 
with  AE  index''.  Recent  analysis  of  data  of  several  high  latitude  stations  show  R general 
trend  of  an  increase  of  scintillation  excursions  with  both  increasing  solar  flux  and 
increasing  K '5.  This  trend  is  affected  by  the  seasonal  character  of  the  scintillation 
excursions.  "These  are  shown  in  Figures  17a  and  17b  for  a station  at  approximately  63°A 
under  both  quiet  and  disturbed  magnetic  conditions.  The  mean  scintillation  index  as  a 
function  of  invariant  latitude  varied  with  magnetic  activity.  At  latitudes  above  53°,  a 
higher  K was  associated  with  increased  scint i Hat  ion , while  below  53°  there  was  a small 
decrease"in  scintillation  with  increasing  K . 

P 

Perhaps  the  largest  contribution  to  understanding  the  causes  of  ionospheric  irregu- 
larities is  due  to  in  situ  measurements  of  various  ionospheric  parameters.  These  include 
electric  fields,  thermal  electrons,  superthermal  electrons,  and  ion  density  measurements. 

Correlating  in  situ  measurements  with  scintillations  can  only  be  done  under  conditions 
involving  several  assumptions.  In  situ  measurements  give  no  indication  of  thickness,  an 
effect  of  importance  on  scintillation  excursions.  In  situ  measurements  are  frequently 
higher  in  altitude  than  the  350  km  level  found  to  be  the  predominant  height  of  the  (often) 
thin  layer  irregularities.  In  situ  measurements,  unless  configured  carefully,  do  not  show 
the  effects  of  irregularity  elongation,  field  alignment  or  zenith  angle.  More  basically, 
however,  in  situ  measurements  may  measure  the  causal  element  for  the  production  of  the 
irregularities  (superthermal  electrons),  for  example;  therefore,  the  ambient  atmosphere 
must  be  taken  into  consideration. 

One  series  of  significant  measurements  was  obtained  with  an  electrostatic  probe  on 
ISIS-1;  thermal  positive  ion  observations  were  made'6.  A spatial  resolution  of  150  meters 
was  possible.  The  equatorial  boundary  of  the  irregularity  region  was  defined  as  the 
latitude  of  onset  of  persistent  small  scale  ionization  irregularities  extending  over  at 
least  a few  degrees  in  latitude  with  amplitudes  amounting  to  20  percent  or  more  of  the 
mean  background  levels. 

The  boundary  of  the  irregularity  zone  was  found  to  be  3°  to  9°  closer  to  the  pole  in 
the  southern  hemisphere  than  in  the  northern  hemisphere.  The  seasonal  variation  of  the 
mean  location  was  small.  The  boundary  is  closest  to  the  pole  in  June  and  farthest  in 
December.  No  poleward  boundaries  for  the  irregularity  zone  were  found;  the  inhomogeneities 
extend  across  the  pole.  Comparison  of  the  irregularity  boundary  of  this  technique  and 
that  of  the  scintillation  boundary  were  excellent  at  night  and  between  2100  and  0600  local 
time  but  differed  at  1700  LT  (Figure  18). 

The  severe  topside  irregularity  zone  was  observed  using  the  ionosonde  on  ISIS-2'7. 

On  the  dayside  of  the  earth,  the  equatorward  boundaries  of  this  zone  and  of  the  «.  300  eV 
electron  precipitation  coincide.  However,  the  boundary  does  not  coincide  with  electron 
precipitation  above  300  eV.  The  zone  extends  beyond  the  poleward  boundary  of  the  particle 
precipitation,  probably  due  to  magnetospher ic  convection  transporting  irregularities  pole- 
ward  of  the  region  of  production. 

5.4  Scintillation  Effects  on  Transionospher ic  Systems 

In  order  that  the  observations  of  ionospheric  scintillation  can  be  readily  utilized 
to  assess  the  performance  of  telecommunication  systems  that  rely  on  the  propagation  of 
electromagnetic  energy  through  the  ionosphere,  various  indices  have  been  developed.  The 
intensity  of  the  scintillation  may  be  characterized  by  the  variance  in  received  power  or 
by  the  variance  in  the  logarithm  of  received  power.  The  measure  S4  is  defined  as  the 
square  root  of  the  variance  of  received  power  divided  by  the  mean  value  of  the  received 
power.  The  measure  Oy  is  the  square  root  of  the  variance  of  the  logarithm  of  the  received 
power.  For  periods  of  scintillation  having  a constant  value  of  either  one  of  these  meas- 
ures, the  signal  level  fluctuations  may  be  described  by  an  empirical  probability  density 
function  (pdf).  Sample  empirical  pdfs  are  given  in  Figure  19  for  several  S,,  values.  The 
strength  of  phase  scintillation  may  be  characterized  by  the  standard  deviation  of  phase, 
a..  Empirical  pdfs  for  phase  fluctuations  are  given  in  Figure  20  for  the  same  cases  shown 
in  Figure  19.  The  data  depicted  in  Figures  19  and  20  were  obtained  at  a mid-latitude 
station  at  150  and  400  MHz''. 
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Attempts  have  been  made  to  model  the  observed  amplitude  pdf.  Whitney  et  al.-8  and 
Crane111  have  constructed  model  distribution  functions  based  upon  the  use  of  the  Nakagami-m 
distribution  (m  = (SO  ')  and  have  shown  that  the  models  provide  a reasonable  approximation 
to  their  observed  empirical  distribution  functions.  In  addition,  the  Rayleigh  pdf  pro- 
vided a good  fit  to  the  data  under  conditions  of  very  strong  scintillation  (S,,  >>  0.9). 

The  Nakagami-m  distribution  is  a Rayleigh  distribution  for  m * 1 (strong  scintillation), 
and  is  a log-normal  distribution  for  m > 1 (weak  scintillation) . 

The  log-normal  and  Nakagami-m  distributions  are  both  characterized  by  a single  param- 
eter which  can  be  related  to  either  Si,  or  a . More  complex  models  exist  with  more  param- 
eters that  can  be  adjusted  to  fit  the  data.* 

Signal  fluctuations  may  also  be  described  by  their  power  spectrum.  The  power  spectrum 
for  phase  fluctuations  shown  in  Figure  21  continues  to  increase  with  decreasing  frequency, 
showing  the  domination  of  phase  fluctuations  by  the  large-scale  refractive-index  changes 
as  predicted  by  geometrical  optics.  These  data  show  that  for  a sufficiently  long  observ- 
ing time,  the  variance  of  log-amplitude  (proportional  to  Oy)  reaches  a fixed  level,  but 
the  variance  of  signal  phase  continues  to  increase  with  increasing  observing  time.  Since 
the  power  spectrum  for  phase  fluctuations  behaves  approximately  as  f 3 , and  doppler  or 
angle-of-arrival  fluctuations  may  be  related  to  the  temporal  or  spatial  derivative  of  the 
phase  fluctuations,  the  power  spectra  for  doppler  fluctuations  will  vary  as  f~  . The 
angle-of-arrival  or  doppler  variances  will  also  continue  to  increase  with  increasing 
observing  time. 

The  data  depicted  in  Figure  21  were  obtained  using  a rapidly  moving  low  orbiting 
satellite.  During  the  portion  of  the  satellite  pass  used  to  generate  the  spectra,  the 
ionosphere  could  be  considered  frozen.  The  temporal  fluctuations,  therefore,  may  be 
interpreted  as  spatial  fluctuations.  The  scale  sizes  at  a height  of  300  km  are  indicated 
on  the  second  scale.  For  a geostationary  satellite,  the  spatial  fluctuations  will  not 
change,  but  the  temporal  fluctuations  will.  The  spatial  fluctuations  may  be  expressed 
either  as  fluctuations  at  a point  in  the  ionosphere  or  fluctuations  on  the  ground  (and 
normal  to  the  1 ine-of-sight) . At  the  ground,  the  peak  of  the  log-amplitude  power  spectrum 
occurs  at  scale  sizes  near  i = 2.5  r z2/(z2-Zi).  The  data  shown  in  Figure  21  are  for 
motion  of  the  satellite  nearly  perpeRdicular  to  the  magnetic  field.  The  resultant  scale 
sizes,  therefore,  are  for  a direction  perpendicular  to  the  field.  For  a direction  along 
the  field,  the  scale  size  increases  by  the  axial  ratio  of  the  irregularities. 

The  effects  of  ionospheric  scintillation  on  satellite  communication  systems  have  been 
described  by  numerous  workers.  Whitney  and  Basu^,  for  example,  demonstrated  how  scintil- 
lation observations  made  using  the  ATS-6  satellite  could  be  interpreted  in  terms  of 
message  reliability.  Figure  22  shows  an  indication  of  the  message  reliability  deduced 
using  ATS-6  signals  at  137  and  360  MHz  measured  during  a period  of  intense  scintillation. 

The  curves  show  that  as  the  message  length  increases,  the  reliability  decreases  as  would 
be  expected.  For  a message  length  of  four  seconds,  40  percent  of  the  messages  would  be 
perfectly  received  at  the  -8  dB  fade  margin  level  at  137  MHz.  As  the  fade  margin  decreases, 
the  message  reliability  decreases  for  a message  of  constant  length.  More  recently,  Davies33 
has  described  in  detail  other  studies  that  have  been  undertaken  to  demonstrate  how  iono- 
spheric scintillation  impacts  the  performance  of  satellite  communication  systems,  particu- 
larly as  revealed  by  the  observations  of  the  ATS-6  satellite. 

Because  of  the  potential  for  degradation  of  circuit  performance  due  to  scintillation, 
efforts  have  been  undertaken  to  overcome  possible  degrading  effects.  Most  of  these  efforts 
are  directed  toward  developing  optimum  diversity  schemes. 

Diversity  schemes  attempt  to  reduce  the  effects  of  fading  during  a scintillation 
event  by  combining  two  signals  that  are  fading  independently.  For  a Rayleigh  process, 
signal  fades  are  greater  than  18.4  dB  for  one  percent  of  the  time.  For  two  independent 
Rayleigh  processes,  the  larger  of  the  two  signals  at  any  sample  point  fades  to  9.5  dB 
for  one  percent  of  the  time  yielding  a gain  in  protection  against  fading  of  9 dB.  In 
general,  the  diversity  gain  depends  upon  the  correlation  between  the  two  samples  of  the 
fading  process.  If  the  correlation  coefficient  is  less  than  0.6,  the  diversity  gain  is 
8 dB  or  better.  A correlation  coefficient  of  0.6  may  be  used  as  a threshold  for  diversity 
action  for  a fading  process  although  it  strictly  applies  only  to  a Rayleigh  fading  (strong 
scintillation) . In  the  limit  of  weak  scintillation,  a correlation  coefficient  less  than 
0.6  occurs  between  observations  at  two  frequencies  for  signals  propagating  along  the  same 
path  only  if  the  carrier  frequencies  are  separated  by  more  than  a factor  of  three 
suggesting  that  frequency  diversity  is  not  generally  effective  in  combating  scintilla- 
tion3-. 

Two  diversity  schemes  are  viable  for  both  weak  and  strong  scintillation  conditions: 
time  and  space.  For  a two-way  station  configuration,  time  diversity  requires  that  the  same 
message  be  sent  at  two  different  times  separated  far  enough  for  the  correlation  coeffi- 
cient to  be  less  than  0.6.  Space  diversity  requires  that  the  same  message  be  detected  at 
two  receiving  points  separated  far  enough  for  the  coefficient  to  be  less  than  0.6.  The 
correlation  function  may  be  calculated  from  the  power  spectrum  for  the  received  signal 
fluctuations.  The  time  separation  corresponding  to  a correlation  coefficient  of  0.6  is 
given  by  t = 0.3  rQ/v.  For  space  diversity,  the  distance  for  a correlation  coefficient  of 
0.6  is  l = 0.3  r z2/(z2-zi)  for  a direction  normal  to  the  1 i ne-of-sight  and  normal  to  the 
field,  and  l = 0?3  r a ( z 2/z 2-z i ) for  a direction  normal  to  the  line-of-sight  in  the 
direction  of  the  field,  where  n = axial  ratio  of  the  irregularities.  For  oblique  inci- 
dence, the  projection  of  these  distances  onto  the  ground  is  required  for  the  estimation 
of  diversity  distance. 
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Diversity  schemes  are  normally  only  required  to  overcome  the  effects  of  intense  scin- 
tillations; weak  scintillations  are  offset  by  a reasonable  fade  margin.  In  the  equatorial 
zone,  measurements  of  the  spatial  cross-correlation  function  for  strong  scattering  condi- 
tions have  given  typical  values  for  the  correlation  coefficient  of  0.6  for  300  m antenna 
separation  and  0.3  for  1000  m separation13.  Space  diversity  seems  only  practical  for  fixed 
ground  stations. 

5.5  Scintillation  as  an  Indicator  of  Ionospheric  Processes 

Because  ionosphere  scintillation  results  from  the  passage  of  radio  waves  through 
regions  of  irregularities  in  the  ionospheric  structure,  observations  of  scintillations 
can  assist  in  depicting  the  dominant  physical  processes  at  work  in  the  ionosphere  under 
certain  conditions.  For  example,  the  large  scintillations  observed  at  the  equatorial 
regions  have  spurred  work  directed  toward  obtaining  an  understanding  of  the  causes  of 
irregularities  in  the  equatorial  region.  In  recent  years,  an  understanding  of  the  forma- 
tion, generation,  and  maintenance  of  equatorial  irregularities  has  emerged. 

After  sunset,  for  reasons  still  under  study,  a localized  depletion  of  electron  density 
may  form  in  the  lower  F layer  which  then  rises  and  moves  into  the  middle  and  upper  F layer. 
This  upwelling  results  in  "plumes"  on  VHF  radar  maps  of  irregularity  intensity  versus 
height  and  time. 

Another  phenomenon,  observed  on  many  backscatter  records  and  not  necessarily  related 
to  the  plumes,  is  the  formation  of  a thin  layer  of  irregularities  of  moderate  intensity 
near  the  bottomside  of  the  F-region.  Scintillation  activity  associated  with  this  back- 
scatter is  of  the  order  of  5 dB  on  UHF  records  at  249  MHz  whereas  VHF  records  at  136  MHz 
show  a sharp  onset  of  scintillation  with  rapid  and  deep  fading  when  the  bottomside  irregu- 
larities appear.  The  apparent  difference  between  the  behavior  of  the  two  bands  is 
probably  due  to  the  frequency  dependence  of  scintillation50. 

From  in-situ  measurements51  it  appears  that  in  the  equatorial  F region  ambient 
electron  density  depletions  over  50  km  may  be  of  one  to  two  orders  of  magnitude.  Small 
scale  perturbations  within  these  depleted  bubbles  produce  scintillation  effects.  From  a 
study  of  in-situ  irregularity  data,  irregularity  amplitudes  ranging  from  10  percent  to 
100  percent  are  found  to  occur  in  the  equatorial  region42.  The  electron  density  deviation 
AN  (10  percent  of  the  ambient  in  one  case  cited)  responsible  for  moderate  level  UHF  scin- 
tillations appears  typically  of  the  order  of  6 « 1010  m with  a thickness  of  200  km. 
Stronger  electron  density  deviations  result  in  S-band  scintillation  activity52. 

With  the  formation  of  a thin  layer  of  irregularities  (approximately  1930  local  time) , 
UHF  scintillation  starts  with  approximately  5 dB  peak-to-peak  values.  Fading  rates  (on 
the  ground)  are  of  the  order  of  10/min.  During  the  formation  of  the  plume,  scintillations 
show  greater  depth  (approximately  20  dB  peak-to-peak) . Irregularity  thickness  and  radar 
returns  become  stronger;  fading  rates  exceed  10/min.  The  occurrence  of  microwave  scintil- 
lations most  probably  takes  place  during  this  time. 

_[After  formation,  irregularity  structures  move  east  at  speeds  between  50  and  150  m 
sec  . Scintillations  observed  during  this  phase  are  still  strong.  At  a later  stage, 
irregularities  within  a specific  patch  begin  to  decrease  in  intensity,  resulting  in  lower 
scintillation  levels.  Limited  observations  suggest  that  the  eastward  motion  of  these 
patches  slows  down  in  the  later  stage,  around  midnight50. 

High  latitude  scintillation  observations  have  also  been  a spur  to  better  understanding 
the  physical  processes  at  work  in  the  high  latitude  ionosphere.  Recent  studies  by 
Rino  et  al.53,  for  example,  demonstrate  that  irregularities  in  electron  density  in  the 
polar  region  give  the  appearance  of  being  sheet-like  (due  to  alignment  along  the  geomagnetic 
field  lines) . These  sheet-like  irregularities  exist  in  the  region  of  the  instantaneous 
nighttime  auroral  oval.  The  cause  of  these  irregularities  is  proposed  to  be  due  to 
acceleration  mechanisms  in  the  magnetosphere  that  are  manifested  in  the  auroral  region  of 
the  ionosphere53. 


6.0  CONCLUSION 

In  this  paper,  we  have  attempted  to  point  out  how  the  ionosphere  impacts  on  the  per- 
formance of  telecommunication  systems  whose  energy  is  propagated  through  the  ionosphere. 

The  discussion  has  concerned  itself  almost  entirely  with  the  propagation  of  radio  waves 
in  the  VHF  and  UHF  portions  of  the  electromagnetic  spectrum.  Telecommunication  systems 
that  employ  these  frequencies  (30  MHz  to  3.0  GHz)  as  a means  of  propagating  energy  can 
suffer  a degradation  in  performance  because  of  the  ionosphere  and  its  structure.  The 
ionosphere  can  be  considered  as  a nuisance  for  these  systems  since  the  system  performance 
can  be  degraded  compared  to  propagation  of  energy  in  free  space  (or  in  the  absence  of  the 
ionosphere) . This  is  in  complete  contrast  to  telecommunications  systems  operating  in  the 
HF  portion  of  the  spectrum  where  the  very  existence  of  the  ionosphere  permits  long  distance 
propagation.  For  HF  systems,  the  ionosphere  is  an  integral  part  of  the  system;  for  VHF/UHF 
systems,  the  ionosphere  is  a potential  source  of  error. 

Telecommunications  systems--satellite  communication,  satellite  navigation,  radars, 
etc. — can  be  impacted  by  the  ionosphere.  Regardless  of  their  ultimate  application,  radio 
waves  propagated  into  and  through  the  ionosphere  will  be  slowed  down  and  refracted  by  the 
ionospheric  electron  content  and  the  same  waves  can  fluctuate  in  amplitude  and  phase  as  a 
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result  of  encountering  irregularities  in  the  electron  content  along  the  propagation  path. 
Thus,  system  designers  and  planners,  telecommunication  policy  makers,  and  engineering  per- 
sonnel must  have  at  their  disposal  methods  to  assess  the  effects  of  the  ionosphere  on  the 
performance  of  their  systems  and  must  develop,  if  warranted,  techniques  to  mitigate  these 
effects.  Through  systematic  observation  and  understanding  of  the  phenomena  giving  rise 
to  potential  adverse  impacts,  this  information  can  be  supplied. 

The  future  course  for  telecommunication  utilization  appears  to  be  one  of  expanded 
capabilities  resulting  from  greater  demands.  It  is  rather  safe  to  speculate  that  require- 
ments for  increased  system  reliability  and  performance  will  ensue.  It  is  also  safe  to 
speculate  that  in  this  age  of  silicon  devices  and  computer  “chips"  that  the  errors  in 
overall  system  performance  will  primarily  result  from  causes  other  than  equipmental.  The 
medium  through  which  the  systems  propagate  their  energy  can  in  the  end  provide  the  final 
limitations  to  overall  performance.  It  is  for  these  reasons  that  a great  deal  of  activity 
is  devoted  toward  assessing  the  impact  of  the  natural  atmosphere  on  the  performance  of 
radio  propagation  systems  and  why  such  activity  should  reasonably  continue  in  the  foresee- 
able future. 
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Figure  1. 


Ionospheric  scaling  factor  for  two  frequency  differential  time 
delay  measurements  versus  the  ratio  of  the  secondary  to  the 
primary  frequency  (Klobuchar 1 ) . 
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Figure  2.  Worldwide  average  vertical  ionospheric  time  delay  at  1.6  GHz  for 
00  hours  universal  time  March,  1968,  an  average  solar  maximum 
year  (Klobuchar ') • 
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Figure  3.  Retracing  of  Huancayo,  Peru,  LES-6  observations  with  statistics 
on  fade  duration  and  probability  of  time  siqnal  is  below  certain 
levels  (Aarons’). 
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Figure  4.  Monthly  Mean  Range  Correction  at  Midday  for  a 4i5  MHz  Radar 

Situated  Near  50  N Latitude.  Target  is  at  5°  elevation  angle, 
1000  km  altitude.  Each  curve,  parametric  on  twelve  month  running 
mean  sunspot  number,  represents  the  expected  range  correction  for 
solar  maximum  conditions  (Allen  et  al.  ). 
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Figure  5. 


Figure  6. 


Ionospheric  time  delay  versus  frequency  for  several  values  of 
TEC  (Klobuchar 1 ) . 


Monthly  overplots  of  equivalent  vertical  TEC  from  Hamilton,  Mass- 
achusetts for  the  year  1968,  a solar  maximum  year  (Klobuchar1). 
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Figure  7.  Percentage  standard  deviation  of  TEC  versus  local  time  for 

Hamilton,  Massachusetts,  for  the  seasons  of  the  year  1969,  a 
solar  maximum  year  (Klobuchar1). 


Figure  8. 


Percentage  standard  deviation  of  TEC  versus  local  time  for 
Hamilton,  Massachusetts,  for  the  seasons  of  the  period  April 
1974  through  March  1975,  a near  solar  minimum  period  (Klobuchar1). 
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Percentage  of  yearly  daytime  hours  during  solar  minimum 
that  the  time  delay  at  1.6  gigahertz  exceeds  10  and  20 
nanoseconds. 
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Figure  10.  Percentage  of  yearly  daytime  hours  during  solar  maximum 
that  the  time  delay  at  1.6  gigahertz  exceeds  10  and  20 
nanoseconds . 
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Figure  11.  Total  range  error  and  percent  error  remaining  after  correction 
for  monthly  mean  value,  and  after  correction  including  actual 
data,  taken  at  different  times  before  required  value.  All  data 
are  for  the  daily  maximum  TEC  value.  (Derived  from  DuLong2*.) 
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Average  local  time  disturbance  variations  (SD,  in  percent)  for 
■the  three  ionospheric  parameters  total  electron  content,  peak 
density  and  equivalent  slab  thickness  (Mendillo  et  al.  ). 
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Figure  1 


5.  Seasonal  character  of  scintillation  observations  from 

Huancayo,  Peru,  during  solar  maximum  and  solar  minimum 

periods  (Aarons5 * 7) . 


Percentage  occurrence  of  scintillations  >_  4.5  dB  at  140  MHz 
(1900-2300  LMT,  Nov. -Dec.,  1969,  1970)  A £ 12  over  a wide 
longitudinal  swath  using  scintillation  data  and  Ogo-6  observa 
tions  (Aarons7). 
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Figure  17.  Seasonal  character  of  scintillation  excursions  (dB)  of 
Narssarssuaq , Greenland,  observations  under  quiet  and 
disturbed  magnetic  conditions  (Aarons7). 
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Figure  18.  Comparison  of  equatorward  boundary  from  ISIS-1  data  with  other 
boundaries:  Scintillation  boundary,  Electron  Trough,  and 
Langmuir  Probe  (Aarons7). 


Figure  19. 


Empirical  amplitude  probability  density  functions.  Data  obtained 
from  Millstone  Hill  Radar  Facility  (Crane31*). 
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Figure  20.  Empirical  phase  probability  density  functions.  Data  obtained 
from  Millstone  Hill  Radar  Facility  (Crane3''). 
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SUMMARY 

The  optical  modelling  of  the  atmosphere  requires  both  a knowledge  of  the 
physical  properties  of  the  atmosphere  and  the  spectroscopic  properties  of  the 
gases  and  particulates  of  which  it  is  composed.  The  pertinent  atmospheric  proper- 
ties of  temperature,  pressure  and  constituent  distribution  will  first  be  discussed. 
The  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation  will  then  be  described 
with  emphasis  on  the  accuracy  of  the  data  base  and  its  application  to  high  resolu- 
tion propagation  modelling.  The  necessity  to  deal  with  molecular  continuum  absorp- 
tion and  its  relationship  to  absorption  line  formation  will  be  discussed.  A dis- 
cussion of  the  knowledge  and  application  of  aerosol  optical  properties  to  the 
development  of  aerosol  models  is  presented.  Finally,  the  LOWTRAN  atmospheric 
transmission  model  will  be  described  with  emphasis  on  its  accuracy,  its  applica- 
bility and  its  limitations. 
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REFERENCES 
1.  INTRODUCTION 

There  are  many  military  systems  which  depend  on  the  ability  either  to  transmit 
radiation  through  the  atmosphere  or  to  detect  an  object  against  a complex  radiation 
background.  In  general  such  systems  fall  into  two  broad  classes:  1)  High  spectral 
resolution  systems  typified  by  laser  sources;  and  2)  Broad-band  detection  systems 
typified  by  a Forward  Looking  Infrared  ( ELI R)  imaging  system  operating  over  the  8-13 
micrometer  region.  These  different  types  of  systems  dictate  substantially  different 
requirements  on  atmospheric  propagation  modelling.  Both  kinds  of  modelling  techniques 
and  the  relationship  between  the  two  will  be  described  here. 

The  ultimate  objective  of  atmospheric  transmission  modelling  is  to  be  able  to  predict 
the  opacity  of  the  atmosphere  along  any  geometric  path  under  any  atmospheric  condition 
at  any  wavelength  given  a set  of  measured  or  predicted  meteorological  parameters.  We 
would  like  to  carry  out  such  predictions  at  extremely  high  spectral  resolution  pertinent 
to  the  transmission  of  laser  radiation  or  at  low  spectral  resolution  consistent  with 
broad-band  systems.  For  the  purpose  of  this  presentation,  the  spectral  range  will  be 
limited  to  the  region  from  0.25  urn  to  the  submillimeter  region  (about  22  GHz). 

In  order  to  understand  the  propagation  characteristics  of  the  atmosphere  for  radia- 
tion in  this  broad  spectral  region,  it  is  necessary  to  understand  the  details  of  mole- 
cular extinction  processes  (both  absorption  and  scattering)  as  well  as  the  details  of 
aerosol  absorption  and  scattering  processes. 

Beer's  law  for  linear  propagation  of  monochromatic  radiation  at  frequency  v in  a 
homogeneous  medium  can  be  expressed  as  follows: 


s-: 


JHx.vl 

dX 


- Y(v)  I (X.v) 


(1) 


where  I(x,v)  is  the  intensity  of  the  radiation  at  distance  X and  y(v)  is  the  attenuation 
coefficient. 

Transmittance  of  radiation  in  the  atmosphere  is  complex  owing  to  the  dependence  of 
scattering  and  absorption  coefficients  on  a number  of  different  physical  properties  of 
the  atmosphere.  Solving  Equation  1,  we  have  for  the  monochromatic  radiation  observed 
at  distance,  X,  from  the  source: 

I (X , v ) = 1(0,  v)  r ( v ) (2) 

where  l(0,v)  is  the  intensity  of  radiation  at  the  source,  and  t (v)  is  the  monochromatic 
transmittance  which  is  given  by 


f 


T (v)  “ exp-y (v)  (3) 

where  y (v)  is  an  attenuation  coefficient  and  X is  the  length  of  the  path  traversed  by 
the  radiation.  The  attenuation  coefficient  y(v)  is  given  by 


Y(v)  =o(v)  + k(v) 


(4) 


where  o(v)  is  the  scattering  coefficient  and  k(v)  is  the  absorption  coefficient. 
Equation  3 is  only  strictly  valid  when  apDlied  to  monochromatic  radiation. 


The  scattering  and  absorption  coefficients  defined  in  Equation  4 depend  on  both  the 
constituent  molecules  and  aerosols  in  the  atmospheric  path.  If  electro-magnetic  radia- 
tion is  incident  on  a molecule  or  an  aerosol,  a portion  of  the  radiation  is  absorbed  and 
the  rest  is  scattered  in  all  directions.  Thus,  we  must  make  the  following  definitions: 

o(v)  - om(v)  + oa<v)  (4a) 


k ( v)  = km(v>  + ka(v) 


(4b) 


where  the  subscripts,  m and  a,  indicate  molecule  and  aerosol  respectively.  In  order  to 
compute  the  attenuation  quantatively , it  is  necessary  to  consider  all  four  of  the  quanti- 
ties defined  in  Equations  (4a)  and  (4b). 


The  molecular  scitterinc  coefficient  depends  only  on  the  number  density  of  molecules 
in  the  radiation  pain,  whereas  the  molecular  absorption  coefficient  is  a function  of  not 
only  the  amount  of  absorbing  gas,  bu'  also  the  local  temperature  and  pressure  of  the  gas. 
The  wavelengi  dependence  of  molecular  (Rayleigh)  scattering  is  very  nearly  om~V4.  Tho 
variation  of  the  molecular  absorption  coefficient  with  wavelength  is  much  more  complicated, 
being  a highly  oscillatory  function  of  wavelength  due  to  the  presence  of  numerous  mole- 
cular absorption  band  complexes  as  is  indicated  in  Figure  1.  Those  bund  complexes  result 
for  th<  most  part  from  minor  atmospheric  constituents.  The  responsible  molecules  are 
(in  order  of  importance):  II2O.  CO2,  Oj,  N2O,  ^0,  O2,  OH  4 , N2.  All  of  these  molecules 
except  for  ll20  and  Oj  are  assumed  to  be  uniformly  mixed  by  volume  in  the  models  presented. 
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FIGURE  1.  High  Resolution  Measurements 
of  Solar  Spectra  made  from  Indicated 
Altitudes  and  Observing  the  Sun  at  the 
Indicated  Zenith  Angles. 

in  aerosol  modelling  is  the  visibility  (or 
many  visual  range  measurements,  its  use  as 
models  will  be  discussed. 


The  quantities  ka  and  ea  depend  on  the 
number  density  and  size  distribution  of 
aerosols  as  well  as  on  their  complex  index 
of  refraction.  In  addition,  the  sizes  of 
atmospheric  aerosols  are  known  to  depend  on 
the  relative  humidity  of  the  atmosphere. 

The  problem  of  accurately  modelling  aerosol 
effects  is  currently  the  most  difficult  and 
least  resolved  problem  area  (especially  for 
broad-band  applications).  The  reason  for 
this  is  related  to  the  difficulty  of  measur- 
ing aerosol  effects  and  their  great  varia- 
bility in  the  atmosphere,  both  in  time  and 
space.  In  the  case  of  molecular  absorption 
and  scattering,  the  distributions  of  mole- 
cules are  either  rather  well  known  or  can  be 
readily  obtained  from  standard  meteorological 
measurements  (such  as  relative  humidity  in 
the  case  of  water  vapor) . The  only  commonly 
measured  (or  observed)  variable  of  direct  use 
visual  range).  Despite  the  unreliability'  of 
an  important  input  parameter  in  the  aerosol 


In  order  to  model  the  optical  properties  of  the  atmosphere,  it  is  necessary  to  study 
and  understand  the  spectral  properties  of  the  apporpriate  molecules  and  aerosols  and  in 
addition,  it  is  necessary  to  define  the  atmosphere  in  terms  of  constituent  distributions, 
temperature  and  pressure.  Concerning  the  problem  of  molecular  absorption,  it  is  required 
that  we  know  the  frequencies,  intensities,  widths  and  shapes  of  all  spectral  lines  in  the 
region  of  interest.  In  addition  we  must  be  able  to  model  or  measure  the  distributions 
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of  water  vapor,  ozone,  and  the  other  absorbing  atmospheric  gases  as  well  as  temperature 
and  pressure  along  the  intended  atmospheric  path.  An  uncertainty  in  the  definition  of 
the  physical  properties  of  the  atmosphere  can  affect  the  computed  atmospheric  trans- 
mittance in  much  the  same  way  as  an  uncertainty  in  the  parameters  defining  the  absorp- 
tive properties  of  a particular  molecule. 

In  order  to  provide  a base  for  transmittance  modelling,  we  will  discuss  the  varia- 
bility and  uncertainties  in  physical  models  of  the  atmosphere.  We  will  then  describe 
the  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation,  indicating  the  requirements 
for  such  a data  compilation  and  some  of  the  remaining  omissions  and  uncertainties.  The 
Line-By-Line  (LBL)  transmittance  calculation  technique  will  be  briefly  described  and  some 
results  pertinent  to  laser  propagation  will  be  presented.  A discussion  of  the  LOWTRAN 
model  will  be  presented  with  an  emphasis  on  the  accuracy  and  efficiency  of  the  model  for 
system  applications. 

2.  ATMOSPHERIC  MODELS  AND  MEASUREMENTS 

2.1.  Standard  Meteorological  Parameters 

A series  of  six  standard  atmospheres  are  described  by  McClatchey,  et  al1  in  terms 
of  height,  pressure,  temperature,  density,  water  vapor  density  and  ozone  density.  With 
the  exception  of  the  water  vapor  and  ozone  distributions,  these  models  are  taken  directly 
from  the  U.S.  Standard  Atmosphere  Supplements,  1966  and  the  Handbook  of  Geophysics  and 
Space  Environment,  (Valley*).  The  water  densities  above  11  km  were  taken  from  Sissenwine 
et  alJ.  Three  of  these  model  atmospheres  are  summarized  in  Figures  2 and  3.  More  details 
can  be  found  in  the  references  cited  above. 


TEMPERATURE.  *K 

FIGURE  2.  Temperature  Distributions  for 
Three  of  the  Standard  Model  Atmospheres. 


FIGURE  3.  Water  Vapor  and  Ozone  Distribu- 
tions for  Three  of  the  Standard  Model  Atmos- 
pheres. 


2.2  Composition 

The  atmospheric  path,  over  which  the  atmospheric  transmission  is  to  be  computed, 
must  be  completely  described  in  terms  of  the  parameters  responsible  for  both  molecular 
and  aerosol  extinction.  As  will  become  more  clear  later,  the  description  of  the  atmos- 
phere in  terms  of  its  temperature,  pressure  and  the  concentrations  of  molecular  species 
along  the  path  will  completely  describe  the  meteorological  properties  of  the  atmosphere 
for  purposes  of  molecular  scattering  and  absorption. 

Table  1 is  a list  of  atmospheric  constituents,  together  with  a representative 
atmospheric  abundance.  It  is  important  to  realize  that  although  nitrogen  and  oxyqen 
are  the  most  abundant  molecules  in  the  atmosphere,  their  effect  on  atmospheric  propaga- 
tion is  small  due  to  their  lack  of  a permanent  dipole  moment.  Atmospheric  gases  of 
main  interest  here  are  carbon  dioxide,  water  vapor,  ozone,  methane,  carbon  monoxide  and 
nitrous  oxide.  Although  with  the  exception  of  water  vapor  and  ozone,  a single  mixing 
ratio  has  been  listed  for  each  molecular  constituent,  there  is  substantial  evidence  for 
variability  for  all  species  except  nitrogen  and  oxygen.  However,  reasonable  results 
can  be  expected  in  the  troposphere  based  on  the  constant  mixing  ratios  indicated  in 
Table  1.  Fortunately,  the  required  quantities  for  the  computation  of  atmospheric  mole- 
cular absorption  are  regularly  measured  at  most  meteorological  stations  around  the 
world.  In  the  case  of  aerosols,  however,  this  is  not  so.  The  only  quantity  measured 
routinely  at  some  stations  is  visibility  and  there  is  qreat  non-uniformly  in  the 
methods  of  measurement.  Furthermore,  the  relationship  between  a measured  visibility 
at  visible  wavelenqths  and  the  required  aerosol  quantities  (concentration,  size  distri- 
bution and  refractive  index)  is  not  straightforward  and  is  certainly  not  unique.  There- 
fore we  must  depend  on  our  general  understanding  of  aerosol  distributions  and  properties 
to  develop  models  for  qeneral  use.  We  must  then  develop  the  relationships  between  these 
models  and  standard  meteorological  information  so  that,  the  models  can  be  optimally 
applied  to  real  atmospheric  situations  or  to  atmospheric  statistics. 


TABLE  1 


ATMOSPHERIC  CONSTITUENTS 


Fraction  by  Volume 


Constituent 


Nitrogen  (N2) 

Oxygen  (02) 

Argon  (A) 

Carbon  Dioxide  (C02) 


0.00033 


Methane  (CH4) 

Nitrous  Oxide  (N20) 
Carbon  Monoxide  (CO) 


variable  ( < . 03) 


Water  Vapor 


Aerosols 

Dust 

Salt 

Liquid  Water 


Figure  4 provides  a set  of  models  for  the  vertical  distribution  of  the  number 
of  aerosol  particles.  This  set  of  curves  is  based  on  an  extensive  set  of  extinction 
coefficient  measurements  made  by  a large  number  of  investigators.  Further  information 
on  these  aerosol  models  may  be  found  in  the  AGARD  report  by  Shettle  and  Fenn9. 


M0UCIA»\ 

funtiGM  \extreme 


ATMOSPHERIC  AEROSOL  MODELS 
FOR  OPTICAL  CALCULATIONS 


MODERATE 
VOLCANIC 
HIGH  VOLCANIC 


EXTREME 

VOLCANIC 


ATI  INUATlON  COEFFICIENT  AT  059R*n(*rtr') 

Vertical  Structure  of  Aerosol 


FIGURE  4 
Models. 


FIGURE  5.  Lorentz  Line  Shape  Used  in  Atmos- 
pheric Calculations  from  the  Surface  to  30km 


OPTICAL  DATA  (MOLECULAR)  AND  COMPUTATION  TECHNIQUES 


3.1.  The  HITRAN  Data  Base  and  Computation  Techniques 

C 

The  AFGL  Atmospheric  Absorption  Line  Parameters  Compilation  (McClatchey,  et  al3) 
is  the  data  base  available  for  computing  the  contributions  to  the  atmospheric  extinc- 
tion from  discrete  molecular  absorption  lines.  It  forms  the  basis  of  the  various  HITRAN 
transmission  codes.  The  HITRAN  transmission  codes  are  designed  to  replicate  measured 
spectra  of  the  kind  shown  in  Figure  1.  Tne  spectral  resolution  of  these  measurements  is 
about  0.5  cm-^  and  they  were  taken  from  a balloon  platform  viewing  the  sun  from  the  indi' 
caved  altitudes  and  at  the  indicated  zenith  angles.  Absorption  features  of  water  vapor, 
carbon  dioxide,  ozone  and  methane  are  clearly  visible  in  the  figure. 
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The  seven  molecules  for  which  parameters  are  contained  in  this  data  compilation 
include  water  vapor,  carbon  dioxide,  ozone,  nitrous  oxide,  carbon  monoxide,  methane 
and  oxygen.  Calculations  proceed  from  the  description  of  an  atmospheric  model,  the 
input  spectral  data  from  the  compilation  and  the  application  of  Beer's  law  to  compute 
a network  of  monochromatic  transmittances . The  parameters  which  make  up  this  data  com- 
pilation include  (for  each  absorption  line)  the  line  position  (frequency) , intensity, 
half-width,  energy  of  the  lower  state,  quantum  numbers,  isotopic  identification 

and  molecular  identification.  Efforts  have  continued  to  update  this  compilation  as  new 
experimental  results  become  available. 

The  utilization  of  the  Line  Parameters  Compilation  requires  a knowledge  of  mole- 
cular absorption  line  shapes.  Our  HITRAN  model  currently  assumes  a Lorentz  line  shape 
in  the  lower  atmosphere  for  all  pressures  less  than  10  mb,  a Voigt  shape  in  the  region 
from  10  mb  to  0.1  mb  and  a pure  Doppler  line  shape  at  lower  atmospheric  pressures. 
Although  the  applicability  of  the  Lorentz  line  shape  remains  in  some  doubt  for  distant 
line  wings,  it  has  generally  been  found  to  represent  experimental  data  adequately  within 
a few  wavenumbers  of  the  centers  of  absorption  lines.  The  Lorentz  line  shape  is  indi- 
cated in  Figure  5 and  the  mathematical  form  is  given  in  Equation  5.  Equation  6 repre- 
sents the  temperature  dependence  of  the  line  intensity. 

k s =/kdv  (5) 

* [(v  - v0r  + or] 


Apart  from  constants,  an  examination  of  Equations  5 and  6 show  that  the  absorption 
coefficient  as  a function  of  frequency  is  determined  if  the  line  position  (frequency) , 
intensity,  half-width  at  standard  conditions  of  temperature  and  pressure,  and  the 
energy  of  the  lower  state  (e")  are  defined  for  each  line.  These  are  the  four  funda- 
mental parameters  used  in  the  HITRAN  calculations  for  each  absorption  line. 

The  application  of  the  molecular  data  compilation  to  the  generation  of  a mono- 
chromatic transmission  or  to  a high  resolution  spectrum  then  follows  the  straightforward 
application  of  Equations  7-10.  Equation  7 computes  the  monochromatic  transmittance  due 
to  a single  line  of  a single  molecular  species.  Equation  8 then  sums  the  contributions 
to  the  absorption  coefficient  at  the  frequency,  v,  from  all  lines  associated  with  a 
given  molecular  species  as  well  as  all  lines  associated  with  different  molecular  species. 
Equation  9 indicates  the  necessity  to  integrate  this  result  through  an  atmospheric  path 
containing  temperature,  pressure,  and  concentration  gradients.  Finally,  Equation  10 
indicates  that,  in  general,  it  is  necessary  to  convolve  the  resulting  monochromatic  trans- 
mittance results  with  some  kind  of  finite  instrument  spectral  response  function  if  one  is 
to  generate  a spectrum  for  comparison  with  measurements.  Examples  of  such  calculations 
are  shown  in  Section  3.3. 


t(v)  = exp  - [k(v)m]  (7) 


t (v) 


T ( v) 


T (v) 

Applications  of  this  calculation  scheme  repeatedly  at  small  frequency  increments  will 
generate  a high  resolution  absorption  spectrum.  The  AFGL  data  Compilation  continues 
to  be  updated  and  modified.  Recently,  a Trace  Gas  Tape  has  been  made  available  to  users 
(see  Reference  9) . This  tape  contains  data  on  four  additional  trace  gases  (NH3,  NO, 

N02  and  SO?)  not  contained  on  the  original  AFGL  Compilation.  On  the  original  data  tape 
recent  modifications  have  been  made  to  the  methane  data  and  previously  omitted  data  on 
water  vapor  in  the  visible  and  near  infrared  have  now  been  added.  A complete  review  of 
all  CO?  bands  has  led  to  some  significant  modifications  in  addition.  All  water  vapor 
half-widths  have  been  revised  and  additional  oxygen  bands  at  visible  wavelengths  have 
been  added.  The  AFGL  Compilation  now  contains  parameters  on  more  than  139,000  absorption 
lines  in  the  spectral  region  from  0.3  to  17,880  cm-1. 


exp  -|Lj  £i  kjj.(v)  mj  J 

kj^  (v)  dmj) 


exp 


/t(v)  g (v  - vq)  dv 
/g(v  - v„)  dv 


(8) 


(9) 


(10) 
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3.2  Continuum  Absorption 

As  noted  above,  in  addition  to  molecular  absorption  by  discrete  absorption  lines, 
there  exists  a slowly  varying  component  of  the  absorption  coefficient  which  is  observed 
experimentally  in  the  laboratory  under  certain  conditions  when  absorption  by  some  atmos- 
pheric gases  is  studied.  This  same  kind  of  absorption  has  also  been  observed  in  the 
atmosphere,  particularly  in  "window"  regions  where  absorption  by  discrete  lines  is  small. 

It  is  difficult  to  separate  this  "continuum"  absorption  from  absorption  in  the 
distant  wings  of  strong  discrete  absorption  lines.  Indeed,  for  our  purposes,  it  really  ] 

doesn't  matter  as  long  as  we  understand  the  dependence  of  this  continuum  absorption  on  L 

the  physical  parameters  describing  the  atmospheric  path.  In  regions  of  more  substantial 
line  absorption,  the  problem  reduces  to  that  of  deciding  how  far  into  the  wings  of  each 
line  to  assume  individual  line  contributions  and  how  much  of  the  experimentally  observed 
absorption  to  model  as  a "continuum",  even  when  we  are  quite  certain  that  most  of  this 
contribution  results  from  line  wings.  Two  significant  absorption  features,  treated  as 
continuum  absorption  and  of  particular  significance  in  atmospheric  window  regions  will 
now  be  described. 

Water  Vapor  Continuum 

The  absorption  coefficient  per  precipitable  centimeter  of  water  vapor  is  given 
in  Equation  11  where  Cs(v,T)  is  a self-broadening  coefficient  due  to  collisions  of  water 
molecules  with  other  water  molecules,  Cj.(v,T)  is  a nitrogen  broadening  coefficient  due  to 
collisions  of  water  molecules  with  air  (primarily  nitrogen)  molecules,  Ps  is  the  partial 
pressure  (in  atmospheres)  of  water  vapor  and  P^  is  the  partial  pressure  of  the  remainder 
of  the  atmosphere  (primarily  nitrogen) . It  is  necessary  to  establish  the  Cs  and  the  Cfj 
quantities  and  their  frequency  and  temperature  dependence  in  both  the  8-14  and  3-5  micro- 
meter regions.  As  of  this  writing,  existing  laboratory  measurements  have  been  analyzed 
thoroughly  and  the  resulting  coefficients  and  temperature  dependences  are  described 
here.  The  laboratory  evidence  for  the  8-14  ym  continuum  absorption  is  given  in  Figure  6 
(Taken  from  Burch*®) . 

k ( v , T)  = C s ( v , T ) Ps  + cN(v,T)PN  (11) 

i)  The  8-14  micrometer  continuum*! » 12 , 13 


Cg(v,T)  = Cs ( v , 296 ) exp  - 1800  ^ 

where  Cs(v,296)  = 4.18  + 5578  exp  (-7.87  x 10-3  v)  (pr.  cm)-1  atm-1 
and  CN(v,T)  = 0.002  x Cs(v,296)  (pr.  cm)-1  atm-* 
ii)  The  3. 5-4. 2 micrometer  continuum*1 


Cs(v,T)  = Cs(v,296)  exp  - 1350  - 2k)  (Pr-em)_1  “t"1’1  U3) 

CN(v,T)  = 0.12  x Cs(v,T) 

where  the  Cs(v,296)  values  are  given  in  Table  2. 

Using  these  continuum  functions  and  a series  of  atmospheric  models,*  Figure  7 has  been 
constructed  to  show  the  relative  effects  of  the  water  vapor  continuum  at  4 and  10  urn. 


(12) 
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FIGURE  6.  Measurements  of  the  10  y m Water  Vapor 
Continuum  Self-Broadened  Absorption  Coefficient 
(see  Burch,  1970) . 
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ABSORPTION  COEFFICIENT  Out  TO 
WATER  VAPOR  CONTINUUM 


FIGURE  7,  Absorption  Coefficients  l)ue  To 
The  Water  Vapor  Continuum. 


TABLE  2 


SELF-BROADENING 

ABSORPTION 

COEFFICIENTS 

FOR 

WATER  VAPOR 

CONTINUUM 

(3. 3-4. 2 um) 

1 

(pr.cm-1) (atm.-1) 

(pr.cm-1) 

v (cm-i ) 

Cs ( v , 296 ) 

V 

Cs(v,296) 

2350 

0.230 

2700 

0.120 

2400 

0.187 

2750 

0.147 

2450 

0.147 

2800 

0.174 

2500 

0.117 

2850 

0.200 

2550 

0.097 

2900 

0.240 

2600 

0.087 

2950 

0.280 

2650 

0.100 

3000 

0.330 

-1» 


Nitrogen  Continuum 

In  addition  to  the  more  or  less  continuous  absorption  due  to  water  vapor  described 
above,  there  is  another  quasi-continuous  absorption  feature  due  to  molecular  absorption 
by  the  nitrogen  molecule  centered  near  4.3  pm  (2350  cm-*-).  In  the  spectral  region  from 
2400  cm-1  to  about  2800  cm-1  this  absorption  feature  is  of  particular  importance  to  laser 
transmission  as  it  tends  to  provide  a background  transmission  level  for  paths  in  the 
lower  atmosphere  regardless  of  the  presence  or  absence  of  absorption  lines  and  regardless 
of  how  dry  the  atmosphere  may  be.  It  is  of  little  importance  at  frequencies  smaller 
than  2400  cm-*  due  to  the  overwhelming  absorption  by  atmospheric  carbon  dioxide. 


3.3  MODEL  VALIDATION 


The  validation  of  the  HITRAN  models  against  careful  measurements  both  in  the 
laboratory  and  in  the  field  constitutes  an  important  continuing  element  of  our  research. 
Figure  8 is  an  example  of  such  a comparison  made  with  the  laboratory  measurements  of 
Gryvnak,  et  al14  at  a spectral  resolution  of  0.5  cm-1  in  the  15  urn  CO2  band.  Figure  9 
compares  a calculation  with  a portion  of  the  1-km  spectrum  shown  in  Figure  1.  Most  lines 
can  be  seen  to  agree  favorably,  although  there  are  some  discrepancies,  particularly  in 
line  intensities.  Figure  10  compares  a calculation  with  measurements  made  by  Dowling, 
et  al1^  in  the  4 micrometer  region.  The  results,  aside  from  a small  continuum  shift  are 
in  excellent  agreement.  Many  other  workers  are  now  making  measurements  and  checking 
their  results  against  the  AFGL  data  compilation  after  performing  HITRAN  transmission  cal- 
culations. Another  example  is  shown  in  Figure  11  which  is  an  example  of  a solar  spectrum 
compared  with  a HITRAN  calculation  (see  Nordstrom,  et  al16) . Aside  from  a continuum  dis- 
crepancy, we  note  a line  near  1208  cm'l  which  is  absent  in  the  upper  computed  spectrum. 


5-8 


MR4? 

i.'io  - 

**,  Q.24<Bb.’  «tn 

ill  i 

I 1 14  4X1"  HQi  i S 
* r*tASuR(5  0«TH 


FIGURE  8.  Comparison  of  High  Resolution 
Laboratory  Measurements  of  Gryvnak,  et  al 
and  Calculations  in  the  15  uni  Region. 

( Av  = 0.5  cm'1- ) . 
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FIGURE  9.  Comparison  of  University  of 
Denver  (Murcray)  Measurements  and 
HITRAN  Calculation.  Height  of  Observa 
tion  = 1 km.  Solar  Zenith  Angle  * 
55.7°. 
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FIGURE  10.  Comparison  of  NRL  Measurements  FIGURE  11.  Comparison  of  High  Spectral 
and  HITRAN  Calculations.  Resolution  (0.125  cm'M  Measured  (lower 

curve)  Solar  Spectrum  with  Calculated 
(upper  curve)  Spectrum  (from  Nordstrom, 
et  al) 15. 


The  applications  of  HITRAN  are  numerous.  The  ability  to  confidently  generate  a 
high  resolution  synthetic  spectrum  is  of  great  value  in  establishing  the  best  frequen- 
cies for  the  operation  of  any  kind  of  high  resolution  system.  It  is  of  particular 
value  in  generating  laser  transmission  results  for  selected  frequencies.  Recently,  a 
computer  code  has  been  described  and  made  available  called,  LASER,  (see  McClatchey  and 
D'Agati*7)  which  places  this  capability  into  the  hands  of  the  user.  There  has  been  much 
recent  interest  in  the  application  of  HITRAN  techniques  to  the  computation  of  exhaust 
plume  signatures  as  seen  through  the  atmosphere.  This  application  requires  a careful 
analysis  of  the  HITRAN  data  base  at  elevated  temperatures.  We  are  constantly  applying 
the  HITRAN  codes  to  the  problem  of  remote  sensinq  of  atmospheric  gases  and  meteoro- 
logical variables.  All  these  applications  are  plagued  by  the  requirement  for  large 
amounts  of  computer  time.  Therefore,  substantial  efforts  are  underway  to  find  mathe- 
matical procedures  to  reduce  this  burden  without  substantial  compromise  in  the  resulting 
calculations.  An  example  of  such  an  effort  is  contained  in  the  new  HITRAN  development 
known  as  FASCODE  (see  Smith,  et  al4-®).  A final  application  of  the  HITRAN  calculation 
technique  is  the  development  and  validation  of  LOWTRAM , a transmission  model  of  gr;eat 
computer  efficiency  and  reasonable  accuracy  for  many  systems  applications,  but  which  is 
limited  to  a spectral  resolution  of  20  cm“l  or  lower.  LOWTRAN  will  be  more  fully  dis- 
cussed later  in  this  paper. 

4.  OPTICAL  DATA  (AEROSOLS) 

4.1.  Aerosol  Model  Development 

In  addition  to  the  continuum  absorption  by  atmospheric  molecules  described  above, 
extinction  by  aerosols  (absorption  and  scattering)  is  treated  in  much  the  same  way  in  our 
transmission  models.  That  is,  it  can  be  thought  of  as  a slowly  varying  continuum  function 
which  is  added  to  the  more  complex  rapidly  varying  molecular  absorption  coefficients. 

The  primary  difficulty  in  the  case  of  aerosol  extinction  is  our  lack  of  a complete  des- 
cription of  the  physical  models  for  any  given  atmospheric  path. 

The  fundamental  quantities  required  in  the  determination  of  extinction  coeffi- 
cients due  to  aerosols  are  the  concentration  and  size  distribution  of  the  particles  and 
the  complex  index  of  refraction  of  the  aerosol  material4.  Assuming  spherical  particles, 
Mie  theory  can  then  be  applied  and  extinction  coefficients  for  both  scattering  and 
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absorption  determined.  A great  deal  of  work  has  been  carried  out  to  determine  the 
complex  index  of  refraction  of  atmospheric  aerosols19.  Figure  12  presents  the  complex 
refractive  index  data  used  in  the  construction  of  the  Rural  and  Maritime  models. 

In  addition  to  the  complex  refractive  index,  the  size  distribution  of  aerosols 
plays  an  important  role  in  determining  the  extinction  as  a function  of  wavelength, 
particles  having  a dimension  similar  to  the  wavelength  having  a greater  effect  on 
scattering  coefficients  than  other  particle  sizes.  Particle  size  distribution  measure- 
ments made  by  a large  number  of  investigators4'20'21  indicate  that  they  can  best  be 
represented  by  some  form  of  bimodal  distribution.  Examples  of  the  size  distributions 
used  in  constructing  the  Rural  and  Maritime  aerosol  models  are  provided  in  Figure  13. 


FIGURE  12.  Refractive  Index  of  Aerosol  FIGURE  13.  Aerosol  Size  Distributions  Used 

Material  Used  in  Construction  of  Rural  in  Construction  of  Rural  and  Maritime  Aerosol 

Aerosol  Model.  (After  Volz19).  Models  (See  Reference  4). 

Aerosols  can  be  continental  in  origin  (dust  and  organic  matter)  or  maritime  in 
origin  (sea-salt  component).  In  urban  industrial  regions  the  aerosols  can  include  soot- 
like particles.  At  stratospheric  altitudes  the  background  aerosols  are  predominantly 
about  75%  sulfuric  acid  solution,  although  significant  amounts  of  volcanic  particles  may 
also  be  present.  At  higher  altitudes  (above  30  km) , a significant  portion  of  the  larger 
aerosols  may  be  meteoric  dust.  They  can  be  dry  or  they  can  contain  substantial  quanti- 
ties of  liquid  water,  especially  as  relative  humidities  increase  above  70%.  A series  of 
models  representing  a Rural,  Urban,  Maritime  and  Tropospheric  environment  have  been 
constructed  based  on  a variety  of  experimental  data  and  these  models  have  been  incorpor- 
ated into  our  LOWTRAN  transmission  model. 

The  application  of  Mie  theory  to  the  complex  index  of  refraction  data  and  particle 
size  distributions  produces  the  normalized  extinction  coefficient  (scattering  plus  ab- 
sorption) curves  shown  in  Figure  14.  These  aerosol  models  have  been  included  in  the 
current  (LOWTRAN  4) 11  transmission  model.  Applying  these  models  to  a 10-km  horizontal 
path  at  sea  level  for  a visual  range  of  23  km  and  including  all  molecular  absorption 
effects  generates  the  transmittance  spectra  given  in  Figure  15. 

Low  values  of  the  visibility  (less  than  2 km)  are  usually  associated  with  the 
transition  from  haze  to  fog  and  the  concurrent  growth  of  particles  by  accretion  of 
liquid  water.  This  occurs  more  rapidly  the  higher  the  relative  humidity.  These  effects 
are  not  accounted  for  by  the  present  aerosol  models.  Therefore,  we  are  currently  ex- 
tending our  aerosol  modelling  efforts  to  describe  this  particle  growth  with  increasing 
relative  humidity.  Figure  16  shows  the  results  of  applying  our  knowledge  of  this  par- 
ticle growth  process  to  the  Maritime  aerosol  model.  It  is  apparent  that  the  wavelength 
dependence  becomes  much  less  as  the  relative  humidity  is  increased.  Such  humidity 
effects  are  being  included  in  our  LOWTRAN  transmission  model. 

4.2  Model  Validation 

The  validation  of  aerosol  models  is  particularly  difficult  because  we  seldom 
have  measurements  of  all  the  required  parameters.  However,  it  is  important  that  the 
range  of  validity  of  the  different  aerosol  models  be  determined  even  when  we  do  not 
have  all  the  required  supplementary  data.  In  general,  we  may  have  to  make  estimates 
of  some  quantities  based  on  a broader  knowledge  of  the  air  mass  and  meteorology  in 
which  the  measurements  take  place.  Two  examples  of  model  validation  are  given  here. 

The  first  involves  some  measurements  made  by  EMI  Ltd.  in  the  U.K.22  Figures  17  and  18 
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° WAVELENGTH  (microns) 

FIGURE  14.  Extinction  Coefticients  for  Sea 
Level  Aerosol  Models  Currently  Incorporated 
in  the  LOWTRAN  4 (See  Ref.  13)  and  LASER 
(See  Ref.  16)  Codes. 
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FIGURE  16.  Relative  Humidity  Dependence  o 
Extinction  Coefficient  for  the  Maritime 
Aerosol  Model. 
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FIGURE  15.  Transmittance  for  a 10  km  Path 
at  Sea  Level  for  5 Aerosol  Models  (See 
Ref.  13). 
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FIGURE  17.  Comparison  of  LOWTRAN  Calcula- 
tions and  EMI  Measurements  (See  Ref.  22). 


FIGURE  18.  Comparison  of  LOWTRAN  Calcula- 
tions and  EMI  Measurements  (See  Ref.  22 ). 
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FIGURE  19.  A Comparison  of  LOWTRAN  Cal- 
culations and  OPAQUE  Transmittance  Measure- 
ments at  Meppen,  Germany. 
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compare  the  results  of  the  Maritime  aerosol  model  with  the  measurements  in  the  near 
infrared  (3-5  micrometer  region)  and  the  7-11  micrometer  region.  Due  to  the  very 
subjective  nature  of  the  available  visibility  values,  visible  transmission  measure- 
ments were  used  to  determine  the  visibility. 

The  second  example  of  aerosol  model  validation  is  shown  in  Figure  19.  This 
figure  represents  a time  history  during  the  winter  of  1977  of  the  broad-band  trans- 
mission over  a 500  meter  path  in  Meppen,  Germany  and  was  collected  as  part  of  the 
OPAQUE  (Optical  Propagation  Quantities  in  Europe)  Program.  The  LOWTRAN  result  for 
both  a Rural  and  a Maritime  aerosol  model  are  included  and  compared  with  the  measure- 
ments. Visibility  was  an  input  to  the  LOWTRAN  calculations.  An  indication  of  an 
apparent  air-mass  change  can  be  seen  in  the  curve  corresponding  to  the  rural  model.  It 
..is  clear  that  the  Maritime  model  represents  the  measurements  much  better  during  low 
visibility  conditions.  We  will  depend  strongly  on  the  measurements  made  as  part  of  the 
OPAQUE  Program  and  elsewhere  for  data  to  continue  and  extend  these  aerosol  model  vali- 
dation studies. 


5.  OPERATIONAL  TRANSMISSION  MODELS 

5.1.  Low  Resolution  Propagation  (LOWTRAN)  _ 

As  indicated  previously,  the  LOWTRAN  transmission  code  is  applicable  to  a spectral 
resolution  of  20  cm-3  or  degradable  to  any  lower  spectral  resolution.  The  primary  moti- 
vation for  the  construction  of  the  LOWTRAN  code  is  computer  efficiency,  flexibility,  and 
applicability  to  broad-band  systems  problems.  We  feel  that  all  of  these  goals  are  met 
with  this  code.  It  covers  the  spectral  region  from  0.25  to  28.5  micrometers  and  handles 
extinction  by  both  molecular  and  aerosol  atmospheric  constituents.  A recent  modifica- 
tion to  the  code  has  generated  the  LOWTRAN  4 model,  (See  Selby,  et  al33)  capable  of 
computing  atmospheric  thermal  emission  as  well  as  transmission.  The  construction  of 
such  an  efficient  and  flexible  model  of  necessity  involves  some  approximations.  Our 
aim  is  to  make  the  program  accurate  in  transmission  to  +15%  of  the  transmission  value. 
Although  we  are  close  to  this  accuracy  overall,  some  atmospheric  conditions  remain  where 
this  accuracy  is  difficult  to  achieve.  Problems  involving  molecular  continuum  effects 
and  aerosol  extinction  continue  to  receive  the  majority  of  our  attention.  Figure  15 
shows  the  effect  of  the  different  sea  level  aerosol  models  on  the  total  LOWTRAN  computed 
transmission  over  a 10  km  sea  level  path.  The  major  difficulty  is  to  decide  which  of 
the  several  aerosol  models  to  use  for  a given  atmospheric  path.  Some  meteorological 
judgement,  not  currently  included  in  the  LOWTRAN  model-  is  required  in  order  to  achieve 
the  best  results. 


Efforts  are  continuing  to  validate  the  LOWTRAN  model,  particularly  against  field 
measurements.  An  example  of  a recent  comparison  is  shown  in  Figure  20.  These  measure- 
ments made  at  General  Dynamics  by  Ashley,  et  al23  were  made  over  a 1.3  km  path  at  sea 
level  containing  0.72  pr.  cm/km  of  water  vapor.  Figure  21  compares  a LOWTRAN  4 emission 
result  with  measurements  of  atmospheric  emission  made  from  a balloon  platform  by 
Murcray  et  al24. 


MURCRAY  ET  AL  HOLLOMAN  AF8 , NEW  MEXICO. 

19  FEBRUARY  1975 
LOWTRAN 


CENTRAL  DYNAMICS 

....  LOWTRAN  }R 


FIGURE  20.  Comparison  of  LOWTRAN  Calcula- 
tions with  Field  Measurements  of  Ashley, 
et  al23  . 


SAMPLE  SPECTRUM  OF  SHORT  WAVELENGTH  REGION  OBSERVED 
AT  AN  ALTITUDE  OF  IB  0 Am  AND  A ZEN ITH  ANGLE  OF  S3'  ON 
19  FEBRUARY  1975 

FIGURE  21.  Comparison  of  the  LOWTRAN  4 
Code  with  Atmospheric  Emission  Measure- 
ments of  Murcray,  et  al24. 
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Excellent  agreement  has  been  achieved  here  across  this  atmospheric  "window" 
region  and  includes  the  nitric  acid  feature  near  11  micrometers  inserted  for  the 
first  time  into  LOWTRAN  4.  Other  LOWTRAN  validation  efforts  are  aimed  primarily  at 
aerosol  model  comparisons  and  have  already  been  discussed  in  Section  4.2. 

5.2  Application  of  HITRAN  to  Laser  Transmission 

A version  of  the  general  HITRAN  transmission  code  known  as  LASER^5  has  been 
developed  and  is  available  to  the  community.  This  model  uses  the  HITRAN  data  base 
described  in  Section  3.1  and  also  includes  the  same  continuum  absorption  models  and 
several  of  the  same  aerosol  models  contained  in  the  LOWTRAN  transmission  model.  Out- 
put from  this  model  provides  extinction  coefficients  for  absorption  and  scattering  by 
both  the  molecular  and  aerosol  species  in  the  atmosphere  as  a function  of  altitude. 

An  example  of  an  output  extinction  coefficient  chart  is  shown  in  Table  3.  The  report 
describing  this  code  also  provides  computed  high  resolution  spectra  which  can  be  used 
to  judge  the  high  resolution  propagation  characteristics  of  the  atmosphere  at  any  wave- 
length between  3.3  and  13.5  micrometers. 
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5.3  Modelling  the  Background  Radiation  Environment 

Figure  22  shows  the  relative  importance  of  sunlight  and  thermal  emission  as 
they  both  contribute  to  background  radiation  levels.  We  can  see  that  during  daylight 
hours,  the  background  radiation  environment  results  primarily  from  thermal  emission 
beyond  about  5 micrometers.  Similarly,  at  wavelengths  shorter  than  about  3 micrometers, 
the  background  radiation  arises  primarily  from  scattered  sunlight.  Between  3 and  5 
micrometers,  both  sunlight  and  thermal  emission  contribute  to  the  background  radiation 
environment.  In  any  event,  we  can  be  sure  (day  or  night)  that  the  emission  of  thermal 
radiation  by  the  atmosphere  and  surfaces  will  dominate  the  backgrounds  at  wavelengths 
longer  than  5 micrometers.  Furthermore,  once  our  transmission  model  has  been  shown  to 
generate  valid  transmission  results,  it  is  relatively  straightforward  to  use  the  same 
model  to  compute  the  thermal  emission  of  the  atmosphere.  The  LOWTRAN  4 model  provides 
this  capability  and  a comparison  with  measurements  has  already  been  shown  in  Figure  21. 
For  shorter  wavelengths,  the  development  of  a simple  model  to  generate  the  scattered 
radiation  field  is  more  complex.  It  will  depend  on  solar  angle  and  in  the  general  case 
depend  in  a complex  way  on  the  particle  size  distribution.  Therefore,  to  date  no  simple 
models  exist  for  carryinq  out  this  calculation.  However,  if  single  scattering  is  assumed 
and  if  an  average  phase  function  for  scattering  is  assumed,  a simple  model  could  be 
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developed.  The  validity  of  such  a model  would  have  to  be  carefully  tested  and  limita- 
tions noted  before  such  a model  can  be  generally  distributed.  In  the  meantime,  we  must 
fall  back  on  more  complex  and  time-consuming  procedures  of  calculation  or  resort  directly 
to  measurements  in  order  to  estimate  the  scattered  radiation  field. 
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FIGURE  22.  Comparison  of  the  Level  of  Reflected 
Sunlight  and  the  Thermal  Emission  from  the  Earth- 
Atmosphere  System. 
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Summary  and  Introduction 

Electromagnetic  radiation  on  its  way  through  the  terrestrial  atmosphere  interacts  with 
the  environment  by  absorption,  thermal  reemission,  scattering,  reflection  and  refraction. 

In  the  mathematical  description  of  these  interactions,  as  required  for  the  interpretation 
of  fields  measurements,  not  only  the  properties  of  the  quiet  atmosphere,  but  also  turbu- 
lent phenomena  need  to  be  considered. 

In  this  paper  are  briefly  reviewed  the  principle  properties  of  the  terrestrial  atmosphere 
up  to  an  altitude  of  about  50  km,  with  inclusion  of  general  principles  of  theoretical  mo- 
dels for  the  calculation  of  its  motion  fields.  This  is  followed  by  a description  of  the 
transfer  of  electromagnetic  radiation  in  the  turbulent  atmosphere  and  a brief  outline  of  the 
general  radiative  transfer  theory. 

Since  McClatchey's  paper  in  this  Lecture  Series  99  describes  in  great  detail  the  modelling 
of  radiative  transfer  in  the  atmosphere,  we  give  only  a short  basic  outline  of  it. 

1.  The  Atmosphere  of  the  Earth 

The  composition  of  the  atmosphere  in  its  present  state,  the  stratification  of  its  mass 
field  in  the  vertical  and  horizontal  direction  and  the  circulation  phenomena  occuring  in 
it  are  result  of  a long  time  history  and  of  complicated  interactions  between  the  atmos- 
phere and  its  boundaries:  Through  exchange  of  radiative  energy  with  space,  and  through 
physical  and  chemical  processes  occuring  at  the  lower  boundary,  the  land-ocean-ice  system. 


1.1  Composition  and  Thermal  Stratification 

Our  lower  atmosphere  consists  mainly  of  gases  with  constant  mixing  ratios.  These  are  ni- 
trogen, oxygen,  argon.  For  its  motions  and  stratification,  however,  are  of  great  impor- 
tance the  carbon  dioxide  (and  perhaps  also  for  the  glass  house  effect  the  nitrogen  oxides) 
and  water  vapor  and  ozone. 

The  latter  two  ga3es  occur  with  mixing  ratios  variing  considerably  with  space  and  time, 
due  to  atmospheric  circulation  phenomena  and  phase  changes  (HjO)  or  photochemical  reac- 
tions (Oj). 

In  Table  1 are  summarized  the  mixing  ratios  of  the  most  important  gases.  Figs.  1-3  provide 
an  overview  on  horizontal  and  vertical  distributions  of  water  vapor  and  ozone  and  their 
changes  with  time.  The  liquid  and  ice  phases  of  water  vapor  in  the  air,  i.e.  clouds,  in- 
fluence dominantly  the  transfer  of  electromagnetic  radiation  of  all  wavelengths  up  to  the 
centimeter  regions.  Their  occurence  is  a result  of  up-  and  downward  motions  in  the  atmos- 
phere and  turbulence  and  water  vapor  supply.  Due  to  their  importance  on  the  heat  budget 
and  also  precipitation,  their  climatology  belongs  to  an  old  desire  of  research.  But  no 
quantitive  correct  statistics  has  been  obtained  so  far. 

Fig.  4 shows  a world  map  of  total  cloudiness,  i.e.  fractional  cloud  cover,  as  obtained 
from  satellits  and  ground-based  observations. 

The  average  vertical  and  meridional  thermal  structure  of  the  well  mixed  lower  atmosphere 
is  illustrated  in  Fig.  5.  We  describe  the  lowest  layer  of  5000  m to  2000  m thickness  as 
the  planetary  boundary  layer,  where  the  dynamics  are  considerably  effected  by  groud 
effects  (dray,  differential  heating).  It  belongs  to  the  troposphere . where  the  tempera- 
ture drops  with  about  6.5  K/1000  m up  to  10-17  km  altitude,  the  tropopause . In  the  stra- 
tosphere above  the  temperature  rises  with  height.  Above  the  stratopause  at  about  50  km 
altitude,  the  mesophere  is  located;  and  about  that  spere  follows  the  mesopause  at  about 
85  km  altitude. 

This  average  temperature  structure,  although  it  is  a result  of  complicated  circulation 
phenomena,  can  be  explained  to  a large  portion  by  the  pure  assumption  of  radiative  equi- 
librium, i.e.  absorption  of  incident  solar  radiation  by  0^,  02 , H.,0  and  C02  and  the  ground 
and  thermal  emission  by  the  ground  and  the  same  gases  back  to  space. 

Sinking  motions  in  the  troposphere,  but  also  radiative  cooling  of  the  ground  and  adjacent 
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air  layers  cause  the  formation  of  inversion  layers,  i.e.  layers  where  the  temperature  in- 
creases with  height.  At  the  top  and  bottom  of  such  layers  strong  fluctuations  of  the  tem- 
perature, due  to  vertical  motions  may  occur. 

1.2  Scales  of  Motion  Phenomena,  the  Mean  Circulation 

Our  ceaseless  atmosphere  shows  motions  whose  scales  range  from  wavelenghts  of  several 
thousand  kilometers  down  to  the  molekular  scale  turbulence.  A descriptive  overview  in- 
cluding "typical"  life  times  of  phenomena  is  given  in  Fig.  6. 

A height-latitude  diagram  shows  the  mean  zonal  (east-,  westward)  wind  field  in  Fig.  7. 
There  are,  however,  in  the  average  and  caused  by  many  disturbances  also  meridional  winds. 
In  general,  one  may  explain  the  mean  circulation  in  the  troposphere,  being  driven  by  the 
steady  heating  of  equatorial  regions  and  cooling  at  the  poles,  where  the  Coriolis  forces 
cause  a pronounced  meridional  circulation.  Statistical  investigations  show  a three-cell 
structure  (Fig.  8). 

1.3  Modelling  of  the  Circulation 
The  modelling  of  the  circulation  of  any  scale,  either  in  global  models  or  for  a vertical 
profile,  requires  a simultaneous  consideration  of  the  motion  field,  ttie  heat  budget,  the 
continuum  and  the  state.  These  basic  principles  are  usually  formulated  by 

- the  Navier-Stokes-Equations , which  are  another  formulation  of  Newton's  second 
axiom; 

- the  first  and  second  heat  law  (thermodynamic  equation),  which  explicitely  includes 
also  diabatic  heating  due  to  radiation 

- the  euqation  of  continuity,  and 

- the  equation  of  state 

In  any  atmospherical  model  this  set  - formulated  in  more  or  less  trunkated  or  modified 
versions  - need  to  be  solved  at  each  grid-point,  with  careful  considerations  of  energy 
transfer  processor  - in  particular  at  the  boundary  layer. 

This  might  be  a very  simplified  explanation  of  the  basis  of  numerical  models  currently 
used  for  weather  forecast  or  the  modelling  of  the  global  circulation.  Such  models  are 
now  widely  in  use,  where  a large  variety  of  the  mathematical  treatment  is  used. 

The  current  most  advanced  circulation  models  are  global.  However,  they  are  in  many  cases 
still  bounded  below  by  ocean  and  land  surfaces  with  prescribed  properties.  Moreover,  the 
lack  in  a complete  hydrological  cycle,  in  particular  the  formation  of  cloud  fields.  The 
parametrisation  of  such  processes,  whose  full-detail  description  is  in  many  cases  hardly 
possible  only  by  a large  number  of  field  experiments. 

During  the  last  years,  many  of  such  experiments  have  been  conducted  under  the  coordina- 
tion within  the  GARP-program. 

As  an  example  of  present-days  model  capabilities  an  example  of  computed  precipitation 
fields  i3  shown  in  Fig.  9. 

2.  Radiative  Transfer  in  a Turbulent  Atmosphere 

Atmospheric  turbulence  "elements"  whose  "size"  js  smaller  or  comparable  to  or  slightly 
larger  than  the  wave  lenght  may  interact  with  an  electromagnetic  wave  passing  through  it, 
if  its  index  of  refraction  deviates  from  that  of  its  environment.  Einstein  (1910)  and 
also  von  Smoluchowski  (1908)  considered,  peihaps  at  first  time,  these  scattering  pro- 
cesses and  obtained  equations  which  were  similar  to  RayleigWs  formula,  when  the  distur- 
bances are  much  smaller  than  wavelenght  of  radiation. 

In  this  paper  we  will  consider  only  the  interaction  of  turbulence  with  plane  electromag- 
netic waves.  Recent  developments  with  very  narrow  beams  such  as  of  alser  and  radars,  re- 
quire a more  sophisticated  treatment.  They  will  not  be  covered  here,  although  they  might 
be  of  fundamental  interest  to  the  audience. 

2.1  The  Atmospheric  Index  of  Refraction 

For  optical  wave  lenghts  the  index  of  refraction  for  air  n may  be  given  approximately  by 
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U . 1ol.  V.c-(d  * l * ')'r  (1) 

where  (n-1)  is  the  derivation  of  n from  its  free  space  value,  X is  the  wave  lenght  in 
urn,  p is  the  pressure  of  ambient  air  in  millibars  and  T is  the  temperature  in  Kelvin. 
Further  terms  of  partly  less  significance  describe  the  effect  of  atmospheric  water  vapor 
on  N,  which  is  of  particular  importance  over  water  paths  (Wesely  and  fllcaraz,  1973).  For 
radio  waves,  usually  the  following  equation  is  used: 

/V  . 7 7. 4 . X <■  3.73  ■■Jo'—,  (2) 

T T 

where  e is  the  water  vapor  pressure. 


2.2  A Short  Description  of  Atmospheric  Turbulence 

Laminar  flows  become  turbulent,  when  the  Reynold's  number  reaches  large  values.  Obstacles 
or  buoyant  forces  force  the  formation  of  turbulence.  Turbulence  in  principle  acts  on  the 
account  of  the  kinetic  energy  of  the  mean  flow,  which  through  it  is  weakened  and  trans- 
formed into  heat  in  the  final  stage,  the  dissipation.  We  should  consider  here  only  such 
turbulent  motions,  whose  amplitude  is  much  weaker  than  the  mean  displacement  flow. 

In  principle  turbulence  is  treated  as  a random  process.  Kolmogorov  (1961)  defined  a struc- 
ture tensor  by 


* <■  [ *i  • "r  ) - ) J * £ ( r-  * 7*  / - )])>  (3) 

which  is  the  mean  square  difference  of  velocities  at  two  points,  separated  by  the  distance 
r.  v^  and  v^  are  the  two  velocity  components. 

Usually  several  assumptions  are  now  made: 

- local  homogeneity:  difference  depends  only  on  r 

- local  isotropy:  only  the  magnitude  of  r is  important 

- imcompressible  turbulence:  v - 0 

Then  the  structure  function  for  the  displacement  parallel  to  r,  Drr,  can  be  expressed  by 

J>ry.  • < [*r  •')  - 

In  the  socalled  inertial  subrange  of  turbulence,  where  turbulence  cascade  develops  itself 
from  larger  to  smaller  sized  turbulence  elements  (eddies),  Drr  has  a universal  form: 

Kr  - C/.  rVj  (5) 

2 

where  Cy  is  the  velocity  structure  constant. 

It  can  be  shown  now,  that  also  a conservative  property  of  air,  the  potential  temperature 
can  be  described  by  a structure  function 

D,  • C,  •*rVj  <6) 

2.3  Turbulent  Variations  of  the  Index  of  Refraction 

With  the  above  described  very  simple  turbulence  models  we  can  relate  the  turbulence  of 
air  to  variations  of  the  refractive  index. 

From  (1)  we  obtain 

fp.  . 77.  i - (l  1-  7 «.  h\'1)  ’Z.  ' (?i  - )'!»'*  (7) 

rp  T T 

Since  pressure  fluctuations  ff  are  usually  much  smaller  than  temperature  fluctuations, 
and  with  the  introduction  of  the  definition  of  the  potential  temperature  6,  we  may  write 
in  analogy  the  structure  constant  of  the  refractive  index  by 

C*  • [~n.t<r(  y.tf  it*Amk)  *JL  . lo-‘J  • ctL  (8) 

Thus,  we  have  found  an  expression  relating  the  variations  of  n to  those  of  0. 

The  behaviour  of  Cn  and  C ^ is  illustrated  in  Fig.  10.  Variations  of  CT  can  easily  be  ob- 
served with  acoustic  sounding  techniques. 

2.4  The  "Classical"  Theory  of  Radiative  Transfer  in  a Turbulent  Medium 

As  in  the  classical  theory  for  optical  propagation  in  quiet  media,  as  used  by  G.  Mic  (1908) 
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this  theory  starts  with  the  wave  equation,  derived  from  Maxwell's  euqations,  which  is 
then  solved  for  small  perturbations. 

wave  equation:  •>  ((*■*.'  £ mO  (9) 

E = magnitude  of  the  electric  field 
k = w/c  = wave  number,  u:  radian  frequency 

with  E = Eq  ♦ Ej  ♦ E2  ♦ where  E^  = small  perturbations, 

and  £.  • ««/-  [ tk*  J (10) 

one  obtains  after  some  manipulation  and  dropping  all  terms  E 


(m  > 1 ) : 


(7  £,  * k' t, 

where 

The  solution  is  known  by 
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n1  = local  refractive  index  fluctuation. 
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which  is  the  electric  field  strength  at  r originating  from  a spherical  wave  emitted  at  r1. 
The  further  analysis  requires  now  the  calculation  of  the  Poynting  vector,  which  deter- 
mines the  flux  of  scattered  power.  By  integrating  over  a volume  element  and  over  time,  to 
obtain  the  average  power,  the  covariance  function  of  turbulence  is  introduced.  In  the  case 
of  a Kolmogorov-spectrum,  this  function  is  related  to  the  structure  function  Dn . 

By  the  definition  of  the  scattering  cross-section  do  as  the  fraction  of  the  incident  ener- 
gy flux  per  unit  area  per  unit  time,  that  is  scattered  into  the  solid  angle  dfl , one  final- 
ly may  obtain 

df(B)  _ £0k«h  . CJ-  . k\  (13) 

h W %. 

where  x : an  angle  between  the  incident  wave  and  the  vector  r,  and  6 scattering  angle. 
This  equation  holds  for  the  range 

l.  > ~ ' i:  > e. 
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where  L„  and  1„  are  the  outer  and  inner  scale  of  turbulence.  Near  the  groud  L is  of  the 
o o ° o 

order  of  several  meters,  the  size  of  eddies,  while  1Q  is  of  the  order  of  millimeters. 

There  are  more  modern  approaches,  where  larger  perturbations  are  considered,  since  this 
"classical"  approach  does  not  explain  many  observed  features,  i.e.  strong  scintillations 
over  long  paths  or  lines-of-sight . Since  this  paper  may  be  considered  as  an  introduction 
to  the  hole  subject  of  the  lecture  series,  we  should  not  go  into  deeper  details  of  this 
subject. 

2.5  The  Radiative  Transfer  Theory  - a General  Outline 

Depart  from  scintillations,  easily  observed  in  star  light  or  near  groud  paths,  the  at- 
mospheric constituents  by  themselves  absorb,  scatter  and  reemit  radiation.  In  such  a 
medium  the  transfer  of  monochromatic  radiation  is  described  by  the  well-known  differen- 
tial equation  below. 

d L I / 

— ■ -/.'•( 

dr 

where  L = monochromatic  radiance 

B = Planck-Function  of  thermal  emission 
u = single  scattering  albedo;  ( 1 —£5 ) = absorption  number 
r = optical  "distance"  between  two  points 

p = angular  scattering  characteristics  of  a volume  element  (phase  function) 

In  this  equation  the  change  of  radiance  along  an  "optical  path"  dT  is  related  to  the  inci- 
dent radiance  L and  source  terms,  due  to  thermal  emission  and  scattering  of  radiation  in- 
cident from  all  directions.  This  is  illustrated  in  Fig.  11. 

Formal  solutions  are  easy  available,  in  particular,  if  the  medium  is  modelled  as  a plane- 
parallel  layer  with  horizontal  uniformity.  But,  there  are  also  solutions  for  spheric 
shell-atmospheres  available,  which  ar  in  particular  required  for  the  interpretation  of 
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limb  radiance  measurements. 

Computation  methods,  easier  now  due  to  the  availability  of  large  and  fast-enough  compu- 
ters, than  during  the  beginning  of  this  century  when  simple  approximations  we  used, range 
up  to  line-by-line  integrations.  The  major  difficulties  arise  in  the  formulation  of  ra- 
diative transfer  input  data. 

The  optical  depth  between  two  points  Pj  and  P2  separated  by  the  distance  da  can  be  calcu- 
lated from 

r(  r.  /J  - j (*■«<*-,  ) **  (16> 

where  o„  and  o.  are  the  volume  absorption  and  scattering  coefficients. 

a 9 

The  single  scattering  albedo  £ is  defined  by 

£ - — (17) 

and  expresses  the  fraction  of  scattering  as  compared  to  the  total  extinction.  The  phase 
function  is  simply  a directional  function.  A typical  example  of  such  phase  functions  com- 
puted for  a mixture  of  gas  and  aerosols  is  shown  in  Fig.  12. 

Values  of  the  absorption  coefficients  og  can  be  obtained  from  atomic  theory  and  for  la- 
boratory measurements  for  all  gases  involved.  The  requirements  of  modern  remote  sensing 
techniques  led  to  a very  large  number  of  such  fundamental  investigations,  that  for  al- 
most all  gases  such  values  are  available.  There  are  also  numerous  approaches  to  inte- 
grate ever  finite  spectral  intervals. 

The  determination  of  scattering  coefficients  and  phase  functions,  however,  may  be  even 
more  difficult,  since  it  requires  at  present  still  the  assumptions,  that  such  scattering 
is  due  to  turbulence  (see  chapter  above)  and  to  spherical  particles.  There  are  very  few 
investigations,  where  now  also  non-spherical  particles  are  considered.  Such  are  related 
for  instance  with  investigations  of  the  scattering  cirrus  ice  needles  or  the  interplane- 
tary matter.  The  basic  treatments  are  due  to  Rayleigh  ( 1 8 8 1 ) and  later  G.  Mie  (19o8), 
where  the  first  considered  the  case,  when  the  wavelength  is  much  larger  than  the  size  of 
the  scattering  element,  while  the  latter  considered  the  more  general  case. 

Recently  there  have  been  many  laboratory  experiments  where  the  scattering  properties  of 
more  irregular  particles  are  measured  directly  by  illuminating  them  with  laser  or  micro- 
wave  radiation.  An  example  of  such  measurements  is  shown  in  Fig.  13. 
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Map  of  the  mean  tropospheric  relative  humidity.  In  the  average  the  mixing  ratio 
decreases  exponentially  with  increasing  altitude,  in  the  stratosphere  it  amounts 
to  about  2-5'10'b  g/g  (after  Mdller,  1973) 


Fig.  2:  Map  of  the  total  ozone 
content  in  the  stratosphere, 
where  about  9o  percent  of  it 
are  concentrated  in  a layer 
between  about  2o-35  km.  The 
ozone  concentration  in  the 
troposphere  is  very  low 
(after  Ghazi,  1977) 


Fig.  3:  The  annual  change  of  the 
total  ozone  content,  as  observed 
from  groud  (-)  and  with  satellits 
(dots)  (afetr  Ghazi ,Ebel , 1976) . 


I) : Mean  fractional  cloud-cover,  obtained  from  ground-based  and  satellite 
observations  (from  NAS,  1975) 
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Fig.  5:  Height-latitude  diagram  of  the  mean  . 

air  temperature,  as  obtained  from  satellite  Fi£.  7:  Height-latitude  diagram  of  the  mean 
measurements  (after  Murgatroyd,  1969)  zonal  wind  field  (after  Murgatroyd,  1969) 
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Fig.  6:  Diagram  of  the  mean  horizontal  extent  and  life  time  of  various 
motion  phenomena  in  the  troposphere. 
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Fig.  8:  Illustration  of  the  mean 
atmospheric  circulation  cells.  The 
equatorial  and  polar  cells  are  dri- 
ven directly  by  radiative  heating 
and  cooling,  respectively  (after 
Palm^n , 195*0 
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Fig.  10:  Height-profiles  of  C_  and  C derived  from  acoustic  sounders 
and  airborne  temperature  measurements,  respectively  (after 
Strohbehn,  1978) 


Fig.  11:  Illustration  of  the  radiative  tranfer 
equation  (afetr  Strohbehn,  1978) 
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It  is  abundantly  clear  that  severe  scattering  in  the  atmosphere  Interferes  with  the 
operation  of  many  optical  systems.  It  is  equally  clear  that  a thorough  understanding 
propagation  in  such  atmospheres  is  lacking,  particularly  when  multiple  scattering  is  pre- 
valent. Cn  the  other  hand,  from  a system  designer's  perspective,  understanding  the  pro- 
pagation itself  is  only  a means  to  the  end  of  obtaining  a model  for  the  optical  field  ir. 
the  system  aperture.  Therefore  it  Is  instructive  to  shift  the  emphasis  from  understand^ 
lng  the  propagation  Itself  and  consider  instead: 

1)  The  effects  of  multiple  scattering  upon  received  signals. 

2)  The  Impact  of  these  effects  upon  the  performance  of  systems  that  were 
designed  to  operate  in  the  absence  of  scattering. 

3)  The  essential  features  of  systems  that  are  best  able  to  operate  through 
channels  in  which  the  propagation  is  dominated  by  multiply-scattered 
radiation. 

That  is  the  purpose  of  the  lectures  that  are  briefly  summarized  in  these  notes. 

In  Section  1 a plausible,  but  incomplete,  statistical  model  for  the  aperture  field 
Is  Introduced  and  the  change  in  the  qualitative  feature  of  the  field  with  Increasing 
scatter  is  reviewed.  In  Section  2 the  performance  degradation  that  systems  designed  for 
clear  weather  operation  suffer  in  the  face  of  increased  scatter  is  noted  as  a prelude  to 
a deeper  discussion  of  the  essential  features  and  performance  of  systems  that  are 
designed  to  operate  in  multiple-scattering  atmospheres. 

1 . The  Aperture  Field 

Were  it  not  for  the  atmosphere,  the  signal  component  of  the  optical  field  at  the 
aperture  of  the  receiver  would  be  related  to  the  transmitted  field  through  the  Fresnel  or 
Fraunhofer  Integral.  In  the  presence  of  the  clear,  tit  turbulent,  atmosphere  the  received 
optical  field  will  be  distorted  In  space  and,  to  some  extent,  in  time  and  frequency.  The 
effects  of  atmospheric  turbulence  have  been  studied  extensively;  they  are  not  our  concern 
here. 

As  the  particle  content  of  the  atmosphere  Increases,  through  : he  presence  of  haze, 
smoke,  fog,  rain,  or  snow,  the  received  optical  field  will  become  Increasingly  corrupted 
In  time,  space,  and  frequency.  For  example,  what  might  have  been  a plane  wave  in  the 
clear  atmosphere  (with  little  turbulence)  will  now  be  received  as  a random  field  which 
contains  a deterministic  unscattered  component  and  a random  (zero  mean)  scattered 
component . 

To  the  extent  that  the  receiver  is  responsive  only  to  the  unscattered  component  of 
the  field,  as  most  existing  receivers  are,  the  major  effect  of  atmospheric  scattering  is 
to  increase  the  path  loss  for  this  component  by  a factor  of  exp (-a*1,  where  C is  the 
path  length  and  a is  the  spatially-averaged  extinction  coefficient  of  the  medium. 
Although  the  relationship  between  a and  visibility  is  tenuous,  at  best,  some  apprecia- 
tion for  the  magnitude  of  the  attenuation  is  provided  by  the  commonly  accepted  approxima- 
tion that,  at  visible  wavelengths,  exp(-at)  will  be  on  the  order  of  10-?  when  the  opera- 
ting range  l equals  the  visibility.  That  is,  when  t is  approximately  equal  to  the 
visibility,  the  power  that  reaches  the  receiver  without  being  scattered  Is  only  IT  of 
that  which  would  have  reached  It  In  the  absence  of  scattering.  Clearly,  if  reliable 
operation  is  to  be  maintained  over  distances  comparable  to  or  greater  than  the  visibi- 
lity, there  is  merit  in  attempting  to  utilize  the  information  contained  in  the  component 
of  the  received  field  that  has  been  scattered. 

Whether  or  not  such  utilization  Is  possible  depends  In  detail  upon  the  statistical 
properties  of  the  scattered  field  in  the  aperture.  These  properties  are  very  complicated 
functions  of  the  transmitted  field,  the  composition  of  the  scattering  media  and  the  geo- 
metry of  the  problem.  In  general,  such  a description  is  essentially  impossible  to  obtain 
and,  even  if  it  were  available,  It  would  be  far  too  complicated  to  use  for  system 
analyses.  This  is  so  even  though,  for  the  channel  geometries  of  Interest  here,  the 
scattered  field  Is  almost  certainly  a zero  mean  Gaussian  random  process  for  which  it  is 


only  necessary  to  specify  a space-time  correlation  function  Li-1!  I* 

Fortunately,  the  situation  is  not  as  bleak  a.-  it  might  seem.  In  particular,  past 
experience  with  random  scattering  channel  , at  both  optical  and  non-optioal  wavelengths, 
leads  to  the  conclusion  that  thev  an  almost  Invariably  be  adequately  characterized,  for 
purj  >ses  ■ f system  ai  lysis,  by  a few  parameters,  or  functions  [l-Ul . These  quant  it ies 
measure  the  behavior  of  the  received  field  in  the  dimensions  that  most  Influence  the 
systems  performance.  Among  the  most  important  of  them  are: 

i)  The  total  average  received  energy  incident  upon  the  receiving  aperture 
in  response  to  a transmitted  impulse,  or  equivalently  the  average 
power  in  response  to  a constant  transmitted  power. 

ii)  The  distribution  in  angle  of  the  average  received  energy  (or  power). 

This  is  essentially  the  angular  spectrum  of  the  received  energy.  A 
simpler  but  more  limited  characterization  Is  the  width  of  the  angular 
spectrum  or  the  coherence  length  in  the  aperture. 

ill)  The  distribution  in  time  of  the  average  received  energy  in  response 

to  a transmitted  impulse.  A simpler  but  less  informative  quantity  is 
simply  the  multipath  spread  or  the  coherence  bandwidth. 

iv)  The  distribution  in  frequency  of  the  average  received  power  in  res- 
ponse to  a constant  transmitter  power.  This  "Doppler"  spectrum  con- 
tains information  about  the  fading  rate  of  the  signal.  In  particular, 
the  reciprocal  of  Its  width  is  a measure  of  the  coherence  t in.  of  the 
channel . 

Clearly,  these  parameters  do  not  completely  specify  the  space-time  correlation 
function  of  the  aperture  field  and  in  some  situat ion  other  parameters  may  ’ s important. 

For  example,  if  the  multipath  spread  of  the  photons  arriving  from  a given  angle  depends 
strongly  upon  that  angle,  the  single  multipath  spread  mentioned  above  must  be  replaced 
by  the  spread  as  a function  of  angle.  However  In  many  situations  the  listed  parameters 
are  all  that  the  system  designer  requires. 

Of  course,  the  listed  parameters  are  all  functions  of  the  channel  geometry,  the 
constituents  of  the  scattering  media,  the  receiver  aperture  size  and  the  transmitter 
wavelength,  beamwidth  and  modulation.  Thus,  even  they  are  not  trivial  to  determine. 
However  their  values  play  a fundamental  role  in  determining  both  the  performance  that 
can  be  realized  with  scattering  systems  and  the  structure  that  such  systems  should  have. 

In  principle  they  can  be  evaluated  in  a variety  of  ways.  For  example,  in  the  extreme  f 
little  scattering,  the  approach  is  a straightforward  single-scatter  calculation  that  has 
been  widely  used  [5-10].  As  the  scattering  becomes  more  pronounced,  as  it  will  when  the 
aerosol  concentration  or  the  operating  range  increases,  the  problem  becomes  more  diffi- 
cult and  has  yet  to  be  satisfactorily  solved. 

As  stated  in  the  introduction,  that  difficulty  will  not  be  addressed  here.  Instead, 
the  design  problem  will  be  formulated  in  terms  of  the  aperture  parameters.  However 
before  addressing  that  design  problem,  it,  is  instructive  to  describe  the  way  in  which  the 
parameter  values  differ  for  scattering  and  non  scattering  atmospheres  and  the  physical 
cause  of  these  differences. 

The  change  in  the  total  average  energy  incident,  upon  the  aperture  results  from  two 
opposing  effects:  the  extinction  of  photons  that  would  reach  the  aperture  in  the  absence 
of  scattering  (the  decrease  of  the  unscattered  field)  and  the  scattering,  into  the  aper- 
ture of  photons  that  would  not  have  reached  it  without  scatter  (the  increase  of  the 
scattered  field).  Usually  the  total  energy  will  decrease  with  increasing  scatter,  but 
much  less  rapidly  than  does  the  unscattered  field  alone. 

In  the  absence  of  scattering  the  angular  spectrum  of  t.he  aperture  field  will  bo  an 
Impulse  broadened  slightly  by  atmospheric  turbulence.  That.  Is  the  photons  Incident  upon 
the  aperture  will  all  arrive  from  essentially  the  same  direction,  or  equivalently,  the 
field  incident  upon  the  aperture  is  a plane  wave.  Closely  related  to  the  angular  spec- 
trum Is  the  spatial  correlation  function  whose  width  measures  the  area  over  which  the 
aperture  field  behaves  as  a plane  wave.  In  the  absence  of  scattering  and  turbulence 
this  correlation  function  will  be  a constant. 

As  scattering  becomes  significant  the  contribution  of  photons  that,  arrive  from 
ther  angles  will  become  noticeable  and  tie  angular  spectrum  will  broaden  as  shown  in 
Fig.  1.  Equivalently,  as  shown  in  t.he  figure,  the  spat  ial  correlation  function  will 
narrow  as  the  plane  waves  arriving  from  different  scat terers  interfere  with  each  other 
.•  t with  the  unscattered  field. 

.'■re  appreciation  for  the  magnitude  of  the  spectrum  broadening  that,  can  occur  can 
gained  by  an  examination  of  Fig.  2.  The  figures  show  representative  angular  spectra 

• it  is  Gaussian  follows  from  the  very  large  number  of  essent i al 1 independent 

- ■ it  t er  1 rigs  ) that  contribute  to  the  received  scattered  field  in  an  additive  way  — - 

■ tri»-  ruin  converges  to  i Gaussian  randor  pr.-ccss . Moreover,  each  of  t hi  scat  - 
r . t >dures  an  essentially  random  phase  that  -auses  t tv  mean  value  ot  its  eontrihu— 
■ r 'ii..  field  to  be  zero.  Hence  the  statistical  characterisation  of  the  process 
n 1 e specification  of  its  space-time  correlation  function. 
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obtained  through  a coastal  fog  at  a wavelength  of  0.25  pm  over  a 1,000  foot  path  with  an 
omnidirectional  source  [11].  Note  that  the  broadening  is  significant  at  optical  thick- 
nesses, t,  of  2 to  9 and  is  severe  when  t exceeds  10. 

Increased  scattering  also  results  in  multipath  spreading  of  a short  transmitted 
pulse.  As  illustrated  in  Fig.  1,  in  the  absence  of  scatter  the  transmission  of  an 
impulse  in  time  will  result  in  the  reception  of  an  impulse.  However  as  scatter  becomes 
prevalent  photons  can  reach  the  receiver  by  scattering  paths  of  different  lengths  and 
the  received  impulse  will  be  spread  into  a wider  pulse.  The  magnitude  of  the  spreading 
depends  upon  the  characteristics  of  the  channel  but  values  in  excess  of  microseconds 
have  been  observed  in  some  situations  [12].  The  amount  of  multipath  spreading  is  impor- 
tant in  that  its  reciprocal  is  usually  the  coherence  bandwidth  of  the  channel,  i.e.,  the 
maximum  bandwidth  that  may  be  used  without  suffering  selective  fading. 

The  final  listed  effect  is  caused  by  the  motion  of  the  scattering  particles.  This 
motion  imparts  a Doppler  frequency  shift  to  the  field  scattered  from  each  particle. 

Since  different  particles  may  have  different  velocities  and  since  even  for  the  same 
velocity  they  may  introduce  different  Doppler  shifts  if  their  angles  to  the  receiver 
differ,  the  bandwidth  of  the  received  field  will  spread  in  frequency.  The  reciprocal 
of  this  spread  is  a measure  of  the  correlation  time  of  the  channel  and  is  particularly 
important  in  that  it  is  a measure  of  the  time  over  which  the  channel  characteristics  do 
not  change  [A].  In  a channel  measuring  system  it  is  this  time  over  which  measurements 
would  be  made. 


2.  System  Considerations 

In  this  section  we  first  briefly  review  the  effect  of  scatter  upon  a system  that  is 
designed  to  utilize  only  the  unscattered  component  of  the  field.  Then  the  essential 
features  of  systems  designed  to  operate  through  scattering  channels  are  introduced. 
Finally  the  performance  of  such  systems  is  discussed  for  a representative  situation. 

The  discussion  of  performance  is  not  intended  to  be  the  most  general  one  possible. 
Rather,  in  the  interests  of  simplicity,  only  simple  on-off  binary  detection  or  communi- 
cation will  be  considered.  The  results  presented  are,  however,  representative  of  more 
general  ones. 


To  see  why  it  is  important  for  systems  that  operate  through  scattering  channels  to 
utilize  the  scattered  component  of  the  field,  let  us  briefly  examine  the  performance  of 
systems  that  utilize  only  the  unscattered  field.  Assuming  that  1)  the  energy  incident 
upon  the  aperture  is  not  random,  2)  state-of-the-art  optical  filters  are  employed,  and 
3)  the  system  is  not  thermal  noise  limited,  the  error  probability  of  such  a system  is 
given  approximately  by  [13,  1] 

Pg  = exp  - NgE(p)  (1) 


where  Ng  is  the  average  number  of  photons  detected  when  the  on-signal  is  detected, 


P 


(2a) 


where  Nr  is  the  average  number  of  noise  photons  detected  and 

_ (1  + p)ln(l  + p)  - ln[(l  + p ) ln( 1 + p)]  -1 
ttp;  in(l  + v) 

The  function  E(p)  measures  the  degrees  to  which  the  system  performance  is  quantum 
limited  or  thermal  limited.  For  p much  larger  than  one,  E(p)  equals  one  and  the 
system  is  quantum  limited.  For  p much  less  than  one,  E(p)  can  be  shown  to  approxi- 
mately equal  p/8  and  the  system  is  background  limited.  For  our  purposes  E(p)  can 

be  approximated  by 

1 p > > 1 

E(p)  = (3) 

p/8  p < < 1 

Now  suppose  that  such  a system  is  used  with  a scattering  atmosphere.  Since  it 

responds  only  to  the  unscattered  field  N will  drop  markedly  as  the  scattering 

increases.  This  alone  will  quickly  cause°the  performance  to  become  unacceptable;  a pro- 
cess that  is  accelerated  by  the  attendant  decrease  in  p.  Moreover,  although  the 
details  differ,  the  same  conclusion  applies  when  thermal  noise  dominates  background 
noise.  Thus  as  stated  in  Section  1,  there  is  merit  in  attempting  to  utilize  the  infor- 
mation contained  in  the  scattered  component  of  the  received  field. 


The  extent  to  which  such  utilization  is  possible  depends  upon  the  energy  contained 
in  the  scattered  component  of  the  received  field  and  upon  the  way  in  which  this  energy 
is  divided  between  the  statistical  degrees  of  freedom  of  the  field.  Most  important, 
however,  is  the  fact  that  the  energy  contained  in  the  scattered  component  is  sometimes 
substantially  larger  than  that  contained  in  the  unscattered  component.  For  it  has  been 
found  repeatedly  that  the  performance  of  a communication  system  Is  determined  mere  by  the 
total  signal  energy  available  to  the  receiver  than  by  the  degree  of  coherence  of  the 
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signal — provided  that  the  signal  Is  properly  processed  by  the  receiver. 

The  conceptual  nature  of  the  required  signal  processing  depends  upon  the  statistical 
structure  of  the  received  signal  field  and  Is  relatively  well  understood  [1-4].  For  our 
present  purposes  It  suffices  to  say  that  the  receiver  should  separately  detect  each  of 
the  statistically  Independent  components,  or  modes,  of  the  received  field  and  then  com- 
bine the  results  in  a manner  akin  to  diversity  combining. 

The  needed  structure  Is  illustrated  in  a somewhat  abstract  form  In  Fig.  3 for  the 
situation  In  which  the  receiver  has  essentially  no  knowledge  of  the  modal  amplitudes  and 
phases.  Then,  as  shown,  the  energy  In  each  of  the  modes  should  be  separately  detected; 
or  in  the  language  of  diversity  systems,  incoherent  combining  should  be  employed. 

Although  instructive,  and  useful  in  determining  system  performance,  the  structure 
of  Fig.  3 is  not  usually  suited  to  direct  implementation  in  a system.  The  difficulty 
is  that  it  calls  for  the  separate  detection  of  each  of  the  many  statistically  independent 
parts  of  the  received  signal  prior  to  combining  the  results.  Fortunately  the  operations 
of  detection  and  diversity  combining  sometimes  can  be  implemented  approximately  in  a 
single  distributed  operation  that  is  much  simpler  to  implement. 

One  important  example  of  such  an  implementation  is  provided  by  a direct  detection 
receiver  whose  predetection  spatial  and  temporal  bandwidth  and  postdetection  integration 
time  are  chosen  to  match  the  regions  of  time,  space,  frequency,  and  angle  within  which 
signal  energy  is  expected  to  be  found  [1].  Such  a receiver  which  is  illustrated  in 
Fig.  4b  for  on-off  signaling,  provides  a useful  approximation  to  the  receiver  that  would 
be  optimum  in  the  absence  of  modal  phase  information. 

At  information  rates  less  than  the  channel  coherence  bandwidth,  the  receiver  of 
Fig.  4b  will  be  affected  by  scattering  only  through  the  changes  in  the  total  collected 
signal  and  noise  energies.  Indeed,  in  the  limit  of  severe  multiple  scattering  (low 
photon  coherences),  the  bound  to  the  error  probability,  P , of  the  on-off  system  shown 

in  Fig.  4b  is  identical  in  form  to  Eq(l)  and  (2).  That  is 

Pe  = exp  - HgE(u ) (4a) 


Here,  however,  Ng  and  Nn  are  the  total  average  numbers  of  signal  and  noise  photon 
collected  by  the  receiver. 

It  is  interesting  to  note  that  the  loss  of  coherence  through  scatter  does  not  cause 
the  performance  to  suffer  so  long  as  the  signal  energy  (Ng)  and  classical  signal-to- 
noise  ratio  (u)  remain  constant.  Of  course,  in  most  situations,  even  if  Ng  can  be 

kept  relatively  constant  with  increasing  scatter  by  opening  up  the  receiver's  field  of 
view,  p will  decrease.  That  is  the  noise  power  collected  by  the  receiver  will  increase 
as  the  signal  energy  becomes  spread  over  a larger  space-time-frequency-angle  domain  with 
decreasing  visibility  and  increasing  scatter.  Hence,  as  scattering  increases,  the  sys- 
tem will  ultimately  fall  below  the  quantum  threshold  and  its  performance  will  become 
limited  by  other  noise  sources  even  If  the  average  received  signal  energy  remains  fixed. 
When  that  occurs  the  performance  will  drop  markedly  below  that  of  a comparable  system 
operating  In  the  absence  of  scattering. 

This  limitation  can  be  overcome  when  knowledge  of  the  complex  modal  amplitudes  are 
available  to  the  receiver  [1,  13].  Then,  coherent  combining  of  the  modal  complex  ampli- 
tudes, i.e.,  coherent  diversity  combining  allows  the  receiver  to  limit  the  domain  of  the 
signal,  and  hence  of  the  detected  noise,  to  a single  mode.  In  such  situations  that  sys- 
tem is  almost  sure  to  be  quantum  limited,  i.e.  except  for  the  possible  consequences  of 
Ns  being  random,  the  performance  will  be  given  by  Eq . 4 with  p equal  to  infinity  [1] . 

Realistically,  of  course,  the  complex  modal  amplitudes  are  not  known  a priori  to  the 
receiver.  However,  if  they  are  varying  slowly  enough  relative  to  the  basic  detection 
or  estimation  interval  it  may  be  practical  to  measure  them  i.e.  it  may  be  possible  to 
track  the  channel.  In  more  physical  terms,  the  amplitude  and  phase  of  the  field  must  be 
tracked  within  each  coherence  area  contained  within  the  receiving  aperture. 

Since  the  number  of  such  areas  may  well  exceed  lO1’  In  a strongly  scattering  channel, 
the  implementation  of  a tracking  receiver  might  seem  to  be  an  impossible  task.  However, 
it  may  well  be  possible  if  the  needed  measurements  and  mode  combining  are  implemented  by 
a distributed  operation  that  does  not  require  th<“  separate  detection  of  each  complex 
modal  amplitude.  When  the  amplitude  fluctuations  over  the  aperture  are  much  less 
severe  than  the  phase  fluctuations  one  can  conceive  of  correcting  for  them  with  the  sys- 
tem shown  in  Fig.  5. 

The  key  element  of  the  system  is  a "phase  plate"  whose  local  spatial  phase  delay 
can  be  adjusted  so  as  to  cancel  the  spatial  phase  variation  In  the  i ccelved  signal  field. 
To  the  extent  that  amplitude  variations  in  the  received  signal  field  can  be  neglected, 
the  output  of  the  plate  Is  a spatially  coherent  field,  e.g.,  a plane  wave.  The  resulting 
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field  can  then  be  processed  by  a receiver  which  responds  to  a single  spatial  mode,  that 

is,  which  has  a diffraction  limited  field  of  view. 
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FIG  1:  MANIFESTATIONS  OF  SCATTERING  IN  THE  APERTURE  FIELD 


FIG  2:  REPRESENTATIVE  ANGULAR  SPECTRA 
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ABSTRACT 

Different  types  of  disturbances  in  the  upper  atmosphere  can  change  its  properties  as  a propagation 
medium  for  electromagnetic  waves.  The  paper  reviews  the  most  important  of  these  disturbances,  and  discus- 
ses the  possibility  of  predicting,  not  their  actual  occurrence,  but  rather  their  effect  on  the  atmosphere 
once  they  have  occurred.  The  review  is  based  upon  current  knowledge  of  ionosph^ic  and  upper  atmosphere 
physics,  and  concentrates  on  effects  of  importance  to  radio  wave  propagation.  Both  natural  phenomena,  such 
as  magnetic  storms,  and  man-made  disturbances  are  discussed. 

1.  INTRODUCTION  AND  OUTLINE 

Different  types  of  geophysical  disturbances  influence  the  state  of  the  upper  atmosphere  and  change 
its  properties  as  a propagation  medium  for  electromagnetic  waves.  This  paper  discusses  the  problem  of 
predicting  these  changes.  The  prediction  of  the  actual  occurrence  of  a certain  disturbance  will  not  be 
dealt  with  here.  I shall  start  by  assuming  that  the  occurrence  of  a disturbance  with  certain  characteris- 
tics has  been  (correctly)  predicted,  and  then  discuss  the  possibilities  we  have  at  present  for  estimating 
the  atmospheric  changes,  relevant  to  wave  propagation,  that  will  result.  An  exhaustive  review  of  the 
effects  of  D-region  ionization  on  radio  wave  propagation  has  recently  been  given  by  Larsen  (1979). 

A definition  of  a geophysical  disturbance  in  the  context  of  this  paper  is  not  straightforward,  and 
will  of  necessity  be  somewhat  arbitrary.  The  upper  atmosphere  has  certain  regular  variations  that  repeat 
from  day  to  day  and  from  year  to  year.  Superimposed  on  this  regular  pattern  are  changes  that  do  not  repeat 
themselves  in  a systematic  manner.  These  irregular  changes  are,  to  the  extent  that  they  influence  radio 
wave  propagation,  the  disturbances  that  are  of  interest  in  this  discussion.  When  the  irregular  changes  are 
frequent  and  pronounced  it  may  not  be  easy  to  establish  a regular  background  pattern.  Such  is  the  case  at 
high  latitudes,  particularly  in  the  auroral  zones,  where  strongly  irregular  behaviour  of  the  medium  is 
the  rule,  rather  than  an  exception.  Although  it  is  difficult  to  give  an  exact  definition  of  what  we  mean 
by  a disturbance,  certain  types  of  major  disturbances  may  usually  be  identified,  and  these  are  discussed 
in  the  following  sections.  Section  2 briefly  describes  the  important  types  of  disturbances  and  their 
effect  on  radio  wave  propagation.  The  remaining  sections  deal  with  these  types  of  disturbance  one  by  one, 
discussing  their  causes  and  the  possibility  of  predicting  their  effects  on  propagation. 

2.  THE  MOST  IMPORTANT  TYPES  OF  DISTURBANCE 

There  are  many  ways  of  classifying  upper  atmospheric,  or  ionospheric  disturbances,  none  of  them 
very  satisfactory.  Most,  but  not  all  disturbances  of  importance  for  radio  wave  propagation  are  part  of  the 
sequence  of  very  complicated  phenomena  called  a magnetic  storm.  Time  does  not  permit  a discussion  of  all 
aspects  of  magnetic  storms,  and  I choose  to  list  and  discuss  a few  selected  important  types  of  disturbance, 
without  any  attempt  at  systematic  classification  according  to  cause.  Table  1 gives  this  list. 


TABLE  1 IONOSPHERIC  DISTURBANCES  (Rishbeth  and  Garriott,  1969) 


Disturbance 

Propagation  effects 

Time  and  duration 

Possible  cause 

Sudden  Ionospheric 

In  sunlit  hemisphere,  strong 

All  effects  start 

Enhanced  solar  x-ray 

Disturbance  (SID) 

absorption , anomalous  VLF- 

approx  simultaneously 

and  EUV  flux  from 

reflection,  F-region  effects 

Duration  hour 

from  solar  flare 

Polar  Cap  Absorption 

Intense  radiowave  absorption 

Starts  a few  hours  after 

Solar  protons  1-100  MeV 

(PCA) 

in  magnetic  polar  regions. 
Anomalous  VLF-re fleet ion 

flare.  Duration  one  to 
several  days 

iMognetic  Storm 

F-region  effects;  increase 

May  last  for  days  with 

Interaction  of  solar  low 

of  foF2  during  first  day, 
then  depressed  foF2,  with 
corresponding  changes  in  MUF 

E-region  effects,  storm  Es 
D-region  effects,  enhanced 
absorption,  VLF-anomal ies 

strong  daily  variations 

energy  plasma  with  earth’s 
magnetic  field,  causing 
energetic  electron  preci- 
pitation 

Auroral  Absorption 

Enhanced  absorption  along 

Complicated  phenomena 

Precipitation  of  electrons 

(AA) 

auroral  oval  in  areas  hundred 

lasting  from  hours  to 

with  energies  a few  tens 

to  thousand  kilometers  in 
extent.  Sporadic  E may 
give  enhanced  MUF 

days 

of  keV 

Relativistic 

Enhanced  absorption  VLF- 

Duration  1-2  hours 

Precipitation  of  electrons 

Electron  Precipi- 

anomalies  at  sub-auroral 

with  energies  of  a few 

tat ion  (REP) 

latitudes 

hundred  keV 

Travelling  Ionos- 
pheric Disturbances 
(TID) 

Changes  of  foF2  with  cor- 
responding changes  of  MUF 
sometimes  periodic 

Typically  a few  hours 

Atmospheric  waves 

Winter  Anomaly  (WA) 

Enhanced  absorption  at 
midlatitudes 

One  to  several  days 

Frobably  many  causes , such 
as  changes  in  concentra- 
tion of  minor  species, 
temperature  changes,  par- 
ticle precipitation 

Stratospheric 

Changes  in  absorption, 

Days  or  weeks , in 

Changes  in  global 

Warming 

VLF-anomal ies 

late  winter 

circulation  pattern 

We  are  interested  in  the  propagation  effects  of  the  disturbances.  Propagation  is  determined  mainly 
by  the  spatial  and  temporal  variations  of  the  electron  density  in  the  ionosphere.  For  extremely  low  fre- 
quencies ions  may  also  be  important.  Our  primary  concern  is  therefore  to  predict  the  changes  in  plasma 
density  resulting  from  a disturbance.  Once  these  changes  are  known,  the  propagation  effects  can  normally 
be  estimated  with  reasonable  certainty. 


3.  SUDDEN  IONOSPHERIC  DISTURBANCES  (SID's) 


It  is  well  established  that  SID's  are  associated  with  solar  fluxes  and  are  caused  by  enhanced  X-ray 
and  EUV  emissions.  Whereas  the  X-ray  intensity  may  increase  by  orders  of  magnitude  during  such  a flare, 
the  EUV  flux  normally  only  increases  by  a few  tens  of  per  cents.  The  main  propagation  effects  are  pro- 
duced in  the  lower  ionosphere  by  radiation  with  wavelengths  in  the  range  0.05  - 102.7  nm,  and  extend  over 
the  sunlit  hemisphere.  They  are:  HF-absorption , sudden  frequency  deviations  (SFD)  of  HF-signals,  sudden 
phase  anomalies  (SPA)  of  VLF-signals  (See  Figure  1).  The  capability  of  a flare  to  produce  an  SID  depends 
upon  the  flux  level  as  well  as  on  spectral  composition.  Bain  and  Mammon  (1975)  find  that  SPA's  are  the 
most  sensitive  indicators  of  an  SID,  and  report  on  the  observed  percentage  of  optical  (Ha)  flares  of 
various  classes  associated  with  SPA’s.  The  percentage  increases  from  12?  for  subflares  to  100?  for  class  3 
flares.  Fluxes  greater  than  6 • 10~^  Jm~2s-1  in  the  0.05  - 0.3  nm  band  will  always  give  an  SPA.  Detailed 
studies  of  SID  effects  by  for  example  Rowe  et.  (1970),  Montbriand  and  Belrose  (1972)  and  Mitra  and 
Deshpande  (1972)  have  shown  that  the  X-rays  not  only  cause  enhanced  ion  production,  but  that  they  also 
influence  the  ion  chemistry  and  produce  changes  in  the  ionization  loss  rate.  Figure  2 shows  electron  den- 
sity profiles  Ne(h)  measured  during  a flare  of  moderate  strength  (Montbriand  and  Belrose  1972).  From 
satellite  measurements  of  X-ray  and  EUV  flux,  the  ion  production  profiles  q(h)  may  be  determined,  provided 
that  the  height  variations  of  the  density  of  the  major  neutral  atmospheric  constituents  are  known.  Using 
a simple  form  of  the  continuity  equation 


dN 
e 

dt 


q(h)  - *(h)N'(h) 


the  effective  recombination  rate  ij/(h)  may  be  determined. 


(1) 


There  are  several  problems  involved  in  estimating  the  ionospheric  effects  of  a flare.  First,  very 
accurate  knowledge  of  the  spectral  composition  is  required  to  compute  an  accurate  ion  production  profile. 
The  usual  satellite  instrumentation,  such  as  the  Vela  satellites,  did  not  provide  sufficient  spectral 
resolution,  particularly  at  the  shortest  wavelengths,  and  model  spectra  have  had  to  be  fitted  to  the 
observed  X-ray  intensities.  New  satellites  have  brought  the  evaluation  of  SID's  to  a turning  point,  how- 
ever. The  EUV  and  X-ray  fluxes  over  the  full  wavelength  region  are  now  available  with  high  time  resolu- 
tion and  in  near  real  time  (Donnelly  1976). 


Secondly,  the  ion  production  profile  will  be  quite  sensitive  to  the  state  of  the  neutral  atmosphere, 
and  accurate  information  on  atmospheric  density  and  composition  is  necessary. 


Thirdly,  accurate  knowledge  of  the  ion  chemistry  in  the  lower  ionosphere  is  required  to  predict  the 
changes  in  effective  ionization  loss  rate  during  an  SID.  Figure  3 shows  experimental  evidence  that  the 
loss  rate  decreases  during  a flare,  and  that  the  decrease  depends  upon  the  strength  of  the  flare.  Thus 
the  changes  in  loss  rate  will  enhance  the  effects  of  an  increase  in  ion  production.  Studies  of  the  lower 
ionosphere  by  means  of  mass  spectrometers  have  given  us  very  detailed  knowledge  of  the  positive  ion 
chemistry.  In  terms  of  this  chemistry  a decrease  in  loss  rate  between  70  and  85  km  may  be  explained  by  a 
decrease  in  the  concentration  of  hydrated  cluster  ions  with  large  recombination  rates,  relative  to  the 
concentration  of  the  molecular  ions  Og  and  N0+  which  recombine  rapidly.  The  reaction  chains  leading  to 
cluster  ion  formation  are  not  completely  mapped,  however,  and  modelling  is  still  bound  to  be  uncertain. 

This  is  even  more  true  for  modelling  of  the  negative  ion  formation,  that  is  important  below  about  75  km. 

The  effective  loss  rate  derived  during  a moderately  strong  flare  by  Montbriand  and  Belrose  (1972)  shows  a 
very  large  decrease  relative  to  normal  conditions  near  70  km  and  below.  This  indicates  that  the  negative 
ion  population  may  have  been  depleted  during  the  flarre , but  no  models  of  the  negative  ion  chemistry  have 
as  yet  been  developed  to  explain  such  observations.  We  must  conclude  that  the  effects  of  an  X-ray  flare 
can  only  be  described  in  gross  terms  at  the  lowest  heights  in  the  ionosphere. 

In  the  absence  of  adequate  D-region  models , predictions  may  be  based  upon  empirical  relationships 
between  X-ray  spectral  characteristics  and  SID  parameters,  such  as  phase  height  and  field  strength  changes 
of  reflected  VLF-  and  LF  waves,  and  increased  absorption  of  KF  waves.  Desphande  et  al.  (1972)  have  shown 
that  the  flare  X-ray  spectrum  may  be  reasonably  well  described  in  terms  of  two  parameters,  available  from 
satellite  observations.  These  are  the  peak  gray  body  flux  in  the  wavelength  band  0.1  - 0.8  nm,  indicating 
the  size  of  the  event,  and  the  ratio  Rpg  of  the  peak  gray  body  fluxes  in  the  bands  0.05  “ 0.3  nm  and 
0.1  - 0.8  nm,  indicating  the  hardness  of  the  spectrum.  The  two  parameters  and  the  solar  zenith  angle  then 
specifies  the  peak  ion  production  rate  in  the  D-region.  Figure  1*  (Desphande  1978  private  communication) 
shows  an  example  of  the  empirical  relationship  between  measured  electron  densities  at  selected  heights  and 
the  peak  gray  body  flux  at  0.1  - 0.8  nm.  The  zenith  angle  is  in  the  range  10°  - 65°  and  Rpp  in  a narrow 
range  0.03  - 0.0l*.  In  this  case  a clear  simple  relation  emerges.  The  relation  between  the  loss  rate  and 
the  flare  intensity  is  shown  in  Figure  3. 

Such  results  indicate  the  possibility  of  predicting  the  SID  effects  of  moderate  and  strong  flares, 
given  the  X-ray  spectrum  and  its  temporal  variation.  However,  there  are  still  uncertain  factors.  For 
example  the  D-region  effects  of  a flare  depends  to  some  extent  upon  preflare  aeronomic  conditions,  and 
here  our  models  are  still  inadequate  to  explain  the  observations.  Furthermore,  whereas  the  empirical  app- 
roach has  shown  promise  for  VLF  and  HF  effects,  no  clear  patterns  emerge  for  LF  signals.  This  is  presum- 
ably because  LF  waves  are  reflected  in  the  upper  D-region  and  the  reflection  coefficient  depends  criti- 
cally upon  the  detailed  structure  of  the  ionization  density  profile  at  the  reflection  point.  In  any  case, 
considering  the  complexity  of  the  photochemistry  of  the  lower  ionosphere,  further  work  to  establish  statis- 
tical empirical  relations  of  SID  parameters  may  be  the  most  practical  approach  to  SID  predictions  for  some 
years  to  come. 
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It.  TOLAR  CAP  ABSORPTION  EVENT'S  (PCA) 

The  energetic  particle  bombardement  of  the  polar  cap  ionospheres  during  a PCA  cause  long-lasting 
and  large  changes  of  plasma  density,  particularly  in  the  lower  ionosphere.  Severe  disruptions  of  HF-com- 
munication  as  well  as  large  errors  in  positioning  by  means  of  VLF-navigation  systems  result.  The  frequency 
of  occurrence  of  PCA  events  varies  from  a few  events  per  year  during  sunspot  minimum  conditions  to  one  or 
more  per  month  in  sunspot  maximum  years  (see  Figure  5).  A PCA  covers  the  entire  polar  caps  down  to  about 
60°  magnetic  latitude  and  lasts  for  a few  to  several  days  per  event.  The  intense  ionization  in  the  lower 
ionosphere  is  caused  mainly  by  solar  protons.  Figure  6 (Reagan,  19T7)  shows  the  ion  production  profile 
for  the  August  1972  event,  one  of  the  strongest  ever  recorded.  In  the  region  below  80  km  the  ion  produc- 
tion is  enhanced  by  a factor  of  lO^-lCr  relative  to  quiet  daytime  conditions.  From  a knowledge  of  the 
proton  energy  spectrum  the  ion  production  profile  may  be  computed,  but  such  events  are  also  believed  to 
have  profound  influence  on  the  chemistry  of  the  region,  and  therefore  on  the  electron  loss  rate.  Figure  7 

(Reagan  1977)  shows  results  of  a neutral  and  ion  chemistry  analysis  during  the  August  1972  event  based 

on  incoherent  scatter  measurements  of  ionization  densities.  Note  the  large  decrease  in  electron  loss  rate 
near  80  km  relative  to  quiet  conditions  and  the  increase  near  60  km. 

The  effects  on  propagation  of  a PCA  event  of  this  magnitude  are  dramatic.  Large  absorption  may  com- 
pletely wipe  out  ordinary  HF  communication,  although  the  decrease  in  signal  strength  over  a communication 
link  is  partly  compensated  for  by  a decrease  in  noise  level.  Absorption  at  riometer  frequencies  ('30  MHz) 
may  be  10-20  dB  above  normal,  corresponding  to  100-200  dB  at  10  MHz.  An  empirical  relationship  between 
proton  flux  and  riometer  30  MHz  absorption  is  quoted  by  Reid  (1972) 

J(> 20  MeV)  = 60  A2  (2) 

when  J is  the  2"  omnidirectional  flux  in  cm-2s-^  and  A the  absorption  in  desibels.  Although  it  is  derived 

for  a particular  event  (February,  1965),  (2)  is  nevertheless  a useful  approximate  guide. 

Although  successful  detailed  modelling  of  the  response  of  the  lower  ionosphere  to  solar  proton  events 
have  been  accomplished,  for  a few  selected  cases  (Reagan  1977,  Swider  et  al.  1978),  the  models  are  not  yet 
in  general  useful  for  prediction  purposes,  tbipirical  relations  of  the  type  quoted  above  are  therefore 
valuable,  and  particularly  at  lower  frequencies  a number  of  studies  have  been  carried  out  to  establish  the 
effects  on  propagation  (Potemra  et  al.  1967,  1969,  Egelar.d  and  Naustvik  1967,  Abom  et  al.  1969,  Westerlund 
et  al.  1969,  Oelberman  1970,  Field  and  Greifinger  1972). 

In  the  lower  frequency  bands  VLF  (30-30  kHz)  and  LF  ( 30-300  kHz)  both  phase  and  amplitude  changes 
are  observed  on  transpolar  paths  during  PCA's  (Westerlund  et  al.  1969).  Amplitude  changes,  particularly 
for  paths  crossing  the  Greenland  ice  cap,  seen  to  be  erratic  and  difficult  to  predict,  but  the  major  syste- 
matic effect  on  all  paths  is  a phase  advance,  corresponding  to  a lowering  of  the  reflection  height.  VLF 
phase  changes  may  be  several  cycles,  and  attenuation  during  the  day  may  be  greater  than  30  dB.  An  example 
is  shown  in  Figure  8 (Larsen  1977).  Westerlund  et  al . (1969)  have  investigated  the  phase  shift  A£  of  VLF 
waves  over  transpolar  paths  as  a function  of  the  proton  flux  F.  Theory  predicts  a linear  relationship 
between  the  phase  shift  A*  and  In  (In  F).  Figure  9 demonstrates  that  this  assumption  is  reasonably  accu- 
rate and  also  shows  that  the  phase  advance  is  significantly  increased  for  paths  across  the  Greenland  ice- 
cap. 


The  phase  shifts  during  PCA  events  are  important  for  navigation  systems  such  as  Omega,  and  tests 
with  a partially  deployed  Omega  system  show  that  errors  in  position  fixes  by  as  much  as  10  km  may  occur 
(Swanson  1971).  It  should  be  noted  that,  due  to  the  configuration  of  the  earth's  magnetic  field,  there  is 
a marked  longitudinal  variation  in  the  particle  precipitation,  the  fluxes  being  greatest  in  the  American 
sector . 

Swanson  (197**)  has  derived  a probability  distribution  function  of  the  phase  perturbations  induced  at 
Omega  frequencies  (10.2  kHz)  by  solar  proton  events.  Figure  10  shows  the  results  for  data  averaged  over  a 
solar  cycle,  and  compares  these  with  SID  data. 

Figure  11  shows  an  example  of  the  reflection  height  change  for  LF  waves  during  a PCA  (Larsen  and 
Thrane  1977).  These  authors  have  studied  the  possible  interference  of  Loran-C  skyvave  and  ground  wave 
during  PCA's.  A drastic  lowering  of  the  reflection  height  may  cause  such  interference,  because  the  skyvave 
arrives  at  the  receiver  at  a point  in  time  before  the  navigation  information  is  extracted  from  the  ground 
wave  pulse. 


5.  MAGNETIC  STORM  EFFECTS  IN  THE  F-REGI0N 

Magnetic  storms  have  a profound  influence  on  the  F-region,  particularly  at  high  latitudes.  The  cri- 
tical frequency  in  the  F2-layer  may  decrease  significantly  and  the  F-layer  becomes  thicker.  The  total 
electron  content  normally  decreases.  Figure  12  shows  typical  behaviour  of  NmFp  for  strong  and  weak  storms, 
for  various  latitudes  (Matsushita  1959).  F-region  storm  effects  present  many  problems  and  are  probably 
due  to  several  different  causes,  such  as  heating  causing  thermal  expansion  of  the  atmosphere,  storm  in- 
duced composition  changes,  acceleration  of  the  neutral  atmosphere  due  to  ion  drag.  Considerable  progress 
has  been  made  in  recent  years  in  understanding  how  energy  is  deposited  in  the  ionosphere  during  a magnetic 
storm,  and  in  particular  how  electric  fields  can  influence  composition,  density  and  movement,  both  of  ions 
and  neutral  atmospheric  gases. 

Models  have  been  developed  (Mayr  and  Hedin  1977>  Roble  1977)  to  predict  the  effects  on  thermos- 
pheric circulation  and  composition  of  storm  induced  heating,  and  these  show  reasonable  agreement  with 
observations.  Near  the  daytime  F2-layer  peak,  observations  during  a storm  show  (Hedin  et  al.  1977;  1'rolss 
and  von  Zahn  1971*,  Chandra  and  Spencer  197 6)  that  there  is  a close  correlation  between  the  electron  den- 
sity Ne  and  the  ratio  |0|/frlo).  Examples  are  shown  in  Figures  13  and  1**.  The  results  fit  with  theoretical 
predictions  that  the  ionosphere  at  these  heights  (!200  km)  is  in  photochemical  equilibrium,  the  ion  pro- 


duction  from  atomic  oxygen  being  balanced  by  charge  transfer  to  molecular  constituents.  It  is  also  clear 
from  Hedin  et  al.  (1977)  that,  at  the  same  invariant  latitude,  the  storm  effects  are  different  at  diffe- 
rent longitudes. 

During  storms  it  is  well  established  that  electric  fields  are  a common  feature  of  the  high  latitude 
ionosphere.  Generally  the  magnitude  of  these  fields  are  of  the  order  25-150  mV  m~^ , but  fields  larger  than 
200  mV  m~^  have  been  observed.  It  has  been  pointed  out  (Banks  197**)  that  such  fields  can  significantly 
influence  the  ion  composition  and  thereby  the  electron  density  in  the  E-  and  F-regions.  Recently,  Schunk 
et  al.  (1977)  have  estimated  the  effect  of  electric  fields  on  the  daytime  high  latitude  ionosphere. 

Figure  15  shows  that  substantial  decreases  of  E-region  electron  densities  may  occur.  The  effect  is  mainly 
due  to  the  reactions  0++Nj  -»  N0++N  and  Og+O^  -»  Og+O,  the  rates  of  which  depend  strongly  on  ion  energy. 

The  electric  fields  will  increase  these  reaction  rates  through  Joule  heating  and  through  the  dependence  of 
the  reactions  upon  the  relative  speeds  of  ion  and  neutral  gases.  The  ratio  of  atomic  ion  density  to  mole- 
cular ion  density  will  decrease  and  electron  loss  rates  increase  as  a consequence. 

Much  work  remains  to  be  done  before  an  understanding  of  F-region  storm  effects,  satisfactory  from  a 
prediction  point  of  view,  is  reached.  However,  recent  advances  in  theory  and  in  observational  evidence 
have  uncovered  several  important  mechanisms  that  seem  to  govern  the  state  of  the  upper  ionosphere  during 
storms . 


6.  STORM  EFFECTS  IN  THE  LOWER  IONOSPHERE 

The  magnetic  storm  effects  in  the  lower  ionosphere  are  caused  by  complex  global  patterns  of  energe- 
tic particle  precipitation  that  cause  enhanced  ionization,  as  well  as  changes  in  loss  rate  and  ion  and 
neutral  composition.  Both  increased  radio  wave  absorption  in  the  D-region  and  improved  reflection  proper- 
ties from  sporadic  E-layers  may  result.  We  have  already  discussed  PCA  events  caused  by  solar  protons, 
arriving  within  hours  of  certain  types  of  solar  flares,  and  in  this  section  we  shall  discuss  the  effects 
of  electron  precipitation.  These  depend  strongly  upon  geomagnetic  latitude,  and  also  longitude,  and  may 
somewhat  arbitrarily  be  divided  into  three  classes;  a)  auroral  absorption  and  Eg,  b)  mid-latitude  after- 
storm effects,  and  c)  relativistic  electron  precipitation  events. 


6.1  Auroral  Absorption 

Auroral  phenomena  are  often  associated  with  radio  blackouts.  While  the  aurora  itself  is  caused  by 
soft  electrons  (1-10  keV),  the  enhanced  absorption  is  caused  by  electrons  with  energies  in  excess  of 
10  keV  penetrating  into  the  D-  and  lower  E-region.  Although  the  general  morphology  of  the  auroral  zone  is 
well  mapped  on  a statistical  bases,  the  auroral  structure  is  exceedingly  complex,  and  anyone  who  has  wit- 
nessed an  auroral  break-up  will  appreciate  the  difficulty  in  predicting  its  detailed  behaviour.  The  auro- 
ral particle  precipitation  occurs  in  two  zones  as  shown  in  the  now  classical  Figure  16  by  Hartz  and  Brice 
(1967!,  a diffuse  zone  with  drizzle  type  precipitation  and  a zone  with  discrete,  splash  type  precipitation. 
Figure  17  shows  the  occurrence  pattern  of  auroral  absorption  (Hartz  et  al.  1963)  expressed  as  the  per- 
centage of  time  the  absorption  exceeded  1 dB  at  30  MHz.  As  will  be  seen  the  absorption  has  maximum  occur- 
rence rate  along  the  auroral  oval  and  shows  a strong  dependence  on  local  geomagnetic  time  with  greatest 
values  in  the  morning  hours,  corresponding  to  the  behaviour  of  the  diffuse  zone.  In  general  auroral  ab- 
sorption at  any  one  location  will  have  time  scales  of  hours  and  spatial  extent  of  a few  hundred  kilo- 
meters. A great  number  of  ionization  density  profiles  have  beer,  measured  during  auroral  events  by  rocket 
techniques.  Figure  18  shows  some  examples  with  labels  indicating  the  associated  riometer  absorption 
(Jespersen  et  al.  1968).  The  great  variability  in  the  profiles  reflects  the  variability  in  time  and  space 
of  the  spectrum  of  precipitating  particles.  As  discussed  earlier  (section  3)  large  ionization  rates  may 
also  influence  the  ion  chemistry  in  the  lower  ionosphere  and  change  the  ionization  loss  rates.  These  pro- 
cesses are  not  fully  understood,  which  makes  the  prediction  of  the  effect  of  a disturbance  on  radio  wave 
propagation  all  the  more  difficult. 

Radio  communication  may  also  be  favoured  in  auroral  conditions  by  formation  of  strongly  reflecting 
Es  layers  produced  by  soft  particles  not  penetrating  below  100  km.  Figure  19  shows  the  percentage  occur- 
rence rates  of  Es  and  illustrates  that  the  time  variation  corresponds  to  the  behaviour  of  the  discrete 
auroral  zone.  This  type  of  £s  ( f Eg  > 7 MHz)  is  thus  most  frequent  at  a time  of  day  when  absorption  is 
least  probable.  A few  examples  will  illustrate  the  effect  of  auroral  zone  disturbances  upon  propagation. 
Figpre  20  (Veastad  1968)  shows  the  occurrence  rate  of  HF  black-outs  during  a sunspot  cycle  for.  a path 
from  North-IIorway  to  Spitzbergen,  and  Figure  21  shows  circuit  behaviour  during  a particular  disturbance 
from  oblique  incidence  soundings  (Folkestad  1968).  The  great  variability  is  a striking  feature  of  the 
latter  figure. 

Present  standard  prediction  schemes  are  not  well  adapted  to  propagation  conditions  in  polar  regions. 
For  example  the  CCIR  "Bluedeck"  does  not  include  frequency  and  path  length  dependence  of  auroral  absorp- 
tion. Figure  22  shows  an  attempt  at  circuit  evaluation  and  comparison  with  predictions  for  HF  propaga- 
tion over  two  paths  in  and  to  North-Norway . A digital  signal  was  transmitted  and  the  error  rate  counted. 
Less  than  10%  error  rate  was  considered  as  acceptable.  The  test  duration  was  20  days  during  summer  con- 
ditions, and  the  period  included  days  with  auroral  absorption.  Disturbed  conditions  were  defined  as 
periods  with  riometer  absorption  (30  MHz)  greater  than  0.2  dB.  We  note  that  for  undisturbed  conditions 
the  agreement  with  predictions  is  reasonable,  except  for  the  lowest  frequency,  whereas  there  is  a clear 
deterioration  for  disturbed  conditions.  Efforts  are  being  made  to  improve  predictions  by  including 
salient  features  of  auroral  absorption  (P  A Bradley  private  communication). 

A large  amount  of  work  has  been  done  to  map  auroral  substorm  behaviour,  see  for  example  Hargreaves 
1969,  Berkey  et  al.  197**.  No  method  for  reliable  short  term  predictions  has  as  yet  been  devised,  but 
there  are  certain  interesting  possibilities.  Hargreaves  et  al.  ( 197 ** ' have  pointed  out  that  an  auroral 
absorption  substorm  is  usually  preceded  by  weak  absorption  observed  first  at  high  latitudes  ir.  the  night 
sector  and  moving  equatorwards.  Such  "precursors"  may  provide  short  time  warning  of  the  order  of  tens 


of  minutes  of  significant  absorption  events.  Hargreaves  (private  communication ) has  also  pointed  out 
that  absorption  "spikes"  often  observed  at  the  onset  of  an  absorption  event  could  be  used  for  rapid 
detection  and  warning  of  propagation  effects. 
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6.2  The  mid-latitude  storm  after  effect 

It  is  well  established  that  radio  wave  absorption  at  mid-latitudes  may  be  enhanced  a few  days  after 
the  onset  of  a magnetic  storm  (Belrose  and  Thomas  1968).  It  also  seems  clear  that  one  of  the  major  causes 
is, energetic  particle  precipitation.  Figure  23  shows  ar.  example  of  the  morphology  of  precipitation  of 
energetic  electrons  (>l60  keV)  measured  in  two  polar  orbiting  satellites  ( IirJiof  et  al . 1976).  This  storm 
after  effect  has  also  been  studied  in  detail  by  Larser.  et  al . (1976)  who  used  simultaneous  observations 
of  particle  spectra  in  satellites  and  ground  based  observations  of  electron  density  to  study  the  res- 
ponse of  the  lower  ionosphere  to  the  storm  particles.  Figure  2h  shows  the  latitudinal  variation  of  elec- 
tron flux  [>130  keV)  before  and  after  the  storm,  illustrating  the  enhanced  precipitation  down  to  lower 
latitudes  after  the  storm.  Figure  25  shows  the  corresponding  values  of  electron  loss  rates  at  Ottawa. 
There  is  a strong  variability  in  the  height  range  75~90  km,  and  no  simple  relation  between  the  intensity 
of  ion  production  and  electron  loss  rate  is  evident  from  this  study.  One  must  conclude  that  even  when 
a detailed  particle  spectrum  is  available  and  hence  the  ion  production  is  known,  the  electron  density 
profile  and  the  radio  propagation  effects  cannot  yet  be  predicted  with  reasonable  accuracy  in  the  lower 
ionosphere.  We  obviously  lack  sufficient  knowledge  of  the  photochemistry  of  this  region. 


0.3  Relativistic  electron  precipitation  events  (REP) 

Bailey  and  Pomerantz  (1967)  first  noted  a type  of  ionospheric  disturbance  affecting  the  very  lowest 
part  of  the  D-region  causing  radio  wave  absorption,  enhanced  VHF  forward  scatter  and  large  phase  changes 
of  VLF  waves.  The  disturbances  are  closely  correlated  with  substorms.  They  occur  at  subauroral  latitudes 
(L  » I*. 5-6)  and  are  most  frequent  between  6 and  18  hours  local  time.  Most  events  last  from  1-6  hours,  and 
the  monthly  number  may  be  as  large  as  25.  It  is  clear  that  the  effects  are  caused  by  precipitation  of  re- 
lativistic electrons  (Matthews  and  Simons  1973)  with  energies  1500  keV.  Rosenberg  et  al.  (1972)  and  Thorne 
and  Larsen  (1976)  have  studies  such  events.  They  conclude  that  substorm  activity  is  a necessary  condition 
for  REP  events,  but  that  not  all  substorms  lead  to  the  intense  precipitation  causing  REP's.  Apparently  the 
absolute  intensity  of  the  substorm  is  not  a good  indicator  of  whether  or  not  a REP  event  will  occur.  An 
interesting  feature  is  the  absence  of  REP  events  in  the  early  morning  hours  (local  time)  as  observed  in 
Alaska.  Daytime  events  are  often  delayed  by  several  hours  relative  to  the  onset  of  a substorm,  whereas 
nighttime  events  are  directly  correlated  with  substorm  activity.  Thorne  and  Kennel  (1971),  Thorne  (1971* ) 
suggest  that  REP  events  are  triggered  by  ion  cyclotron  waves  in  the  magnetosphere  causing  parasitic  elec- 
tron scattering.  A definite  test  of  this  theory  is  still  lacking,  and  the  prediction  of  REP  events  and 
their  effect  on  propagation  can  only  be  made  on  a statistical  basis.  Large  absorption  (>10  dB  at  30  MHz) 
and  large  phase  advances  at  VLF  (for  short  paths  50-100  us)  are  common  features  of  REF  events. 


7.  THE  WINTER  ANOMALY  IN  IONOSPHERIC  ABSORPTION 


At  middle  latitudes,  35-60*’,  ionospheric  radio  wave  absorption  in  winter  does  not  follow  the  simple 
solar  zenith  angle  dependence  to  be  expected  from  averaged  summer  observations.  The  general  background 
of  winter  absorption  is  enhanced  relative  to  summer  values  at  the  same  zenith  angles,  and  in  addition 
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excess  of  normal  aa. 
of  1000  km  or  more . 
this  is  partly  due  tc 


■ur  in  winter  when  HF-absorption  is  greatly  enhanced  and  seriously  affects  radio 
nses  for  communication  can  be  serious,  since  absorption  values  of  60  dp  in 
on  MF  and  KF  circuits.  The  horisontal  extent  of  a disturbance  is  of  the  order 
;uency  of  occurrence  of  such  events  increases  with  increasing  latitude.  No  doubt 
influence  of  particle  precipitation,  such  as  the  storm  after  effects  discussed 
earlier.  However,  it  now  seems  clear  that  at  least  at  the  lower  latitudes,  the  main  winter  anomaly  effect 
is  due  to  interactions  of  the  ionosphere  with  the  neutral  atmosphere  at  and  below  ionospheric  heights. 

This  "meteorological  type"  of  winter  anomaly  was  recently  studied  during  the  "Wester  Europe  Winter  Anomaly 
campaign"  conducted  from  Southern  Spain  during  the  winter  1975-76  (Offermann  1977).  The  enhanced  absorp- 
tion was  due  to  increased  electron  densities  in  the  height  region  75— 95  km.  These  enhanced  electron  den- 
sities were,  however,  not  caused  by  increased  ionizing  radiation,  in  the  form  of  solar  electromagnetic 
radiation  or  energetic  particles,  but  appeared  to  be  due  to  at  least  three  different  factors  (Thrane  et  a. 
1978): 


a)  Enhanced  density  of  mesospheric  nitric  oxide  NO  causing  increased  ionization  by  solar  H- Lyman- 1 
radiation. 

b)  Decreased  electron  loss  rate  in  the  range,  75-85  km.  This  decrease  coincided  with  a deplet • 
heavy  positive  water  cluster  ions  with  large  recombination  rates. 

c)  Enhanced  density  of  mesospheric  excited  molecular  oxygen  0,,  ( 1*dg ) causing  increased 
solar  UV  radiation. 

The  period  of  enhanced  absorption  in  January  197 6 was  associated  with  wavelike  ••  . 

marked  deviation  of  the  atmosphere  from  the  reference  atmosphere  (CIRA  1972).  Figur- 
absorption  and  Figure  27  shows  rocket  measurements  of  atmospheric  temperature  '..nr  . 
temperature  wave  di.  rting  the  normal  stratospheric-  and  mesospheric  tempera'  • r ■ — 

1977,  Uecker  et  al.  .978).  The  disturbance  could  be  traced  all  the  way  to  the  . r . 1. 
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of  minutes  of  significant  absorption  events.  Hargreaves  (private  communication)  has  also  pointed  out 
that  absorption  "spikes"  often  observed  at  the  onset  of  an  absorption  event  could  be  used  for  rapid 
detection  and  warning  of  propagation  effects. 


6.2  The  mid-latitude  storm  after  effect 

It  is  well  established  that  radio  wave  absorption  at  mid-latitudes  may  be  enhanced  a few  days  after 
the  onset  of  a magnetic  storm  (Belrose  and  Thomas  1968).  It  also  seems  clear  that  one  of  the  major  causes 
is,emergetic  particle  precipitation.  Figure  23  shows  an  example  of  the  morphology  of  precipitation  of 
energetic  electrons  (>l60  keV)  measured  in  two  polar  orbiting  satellites  (Imhof  et  al.  1976).  This  storm 
after  effect  has  also  been  studied  in  detail  by  Larsen  et  al.  (1976)  who  used  simultaneous  observations 
of  particle  spectra  in  satellites  and  ground  based  observations  of  electron  density  to  study  the  res- 
ponse of  the  lower  ionosphere  to  the  storm  particles.  Figure  21*  shows  the  latitudinal  variation  of  elec- 
tron flux  (>130  keV)  before  and  after  the  storm,  illustrating  the  enhanced  precipitation  down  to  lower 
latitudes  after  the  storm.  Figure  25  shows  the  corresponding  values  of  electron  loss  rates  at  Ottawa. 
There  is  a strong  variability  in  the  height  range  75-90  km,  and  no  simple  relation  between  the  intensity 
of  ion  production  and  electron  loss  rate  is  evident  from  this  study.  One  must  conclude  that  even  when 
a detailed  particle  spectrum  is  available  and  hence  the  ion  production  is  known,  the  electron  density 
profile  and  the  radio  propagation  effects  cannot  yet  be  predicted  with  reasonable  accuracy  in  the  lower 
ionosphere.  We  obviously  lack  sufficient  knowledge  of  the  photochemistry  of  this  region. 


6.3  Relativistic  electron  precipitation  events  (REP) 

Bailey  and  Pomerantz  (1967)  first  noted  a type  of  ionospheric  disturbance  affecting  the  very  lowest 
part  of  the  D-region  causing  radio  wave  absorption,  enhanced  VHF  forward  scatter  and  large  phase  changes 
of  VLF  waves.  The  disturbances  are  closely  correlated  with  substorms.  They  occur  at  subauroral  latitudes 
(L  ■ It. 5-6)  and  are  most  frequent  between  6 and  18  hours  local  time.  Most  events  last  from  1-6  hours,  and 
the  monthly  number  may  be  as  large  as  25.  It  is  clear  that  the  effects  are  caused  by  precipitation  of  re- 
lativistic electrons  (Matthews  and  Simons  1973)  with  energies  1500  keV.  Rosenberg  et  al.  (1972)  and  Thorne 
and  Larsen  (1976)  have  studies  such  events.  They  conclude  that  substorm  activity  is  a necessary  condition 
for  REP  events,  but  that  not  all  substorms  lead  to  the  intense  precipitation  causing  REP's.  Apparently  the 
absolute  intensity  of  the  substorm  is  not  a good  indicator  of  whether  or  not  a REP  event  will  occur.  An 
interesting  feature  is  the  absence  of  REP  events  in  the  early  morning  hours  (local  time)  as  observed  in 
Alaska.  Daytime  events  are  often  delayed  by  several  hours  relative  to  the  onset  of  a substorm,  whereas 
nighttime  events  are  directly  correlated  with  substorm  activity.  Thorne  and  Kennel  (1971),  Thome  (197M 
suggest  that  REP  events  are  triggered  by  ion  cyclotron  waves  in  the  magnetosphere  causing  parasitic  elec- 
tron scattering.  A definite  test  of  this  theory  is  still  lacking,  and  the  prediction  of  REP  events  and 
their  effect  on  propagation  can  only  be  made  on  a statistical  basis.  Large  absorption  ( >10  dB  at  30  MHz) 
and  large  phase  advances  at  VLF  (for  short  paths  5 0-100  tie)  are  common  features  of  REP  events. 


7.  THE  WINTER  ANOMALY  IN  IONOSPHERIC  ABSORPTION 

At  middle  latitudes.  35-60°,  ionospheric  radio  wave  absorption  in  winter  does  not  follow  the  simple 
solar  zenith  angle  dependence  to  be  expected  from  averaged  summer  observations.  The  general  background 
of  winter  absorption  is  enhanced  relative  to  summer  values  at  the  same  zenith  angles,  and  in  addition 
days  or  groups  of  days  occur  in  winter  when  HF -absorption  is  greatly  enhanced  and  seriously  affects  radio 
communication.  The  consequenses  for  communication  can  be  serious,  since  absorption  values  of  60  dB  in 
excess  of  normal  may  occur  on  MF  and  HF  circuits.  The  horisontal  extent  of  a disturbance  is  of  the  order 
of  1000  km  or  more.  The  frequency  of  occurrence  of  such  events  increases  with  increasing  latitude.  No  doubt 
this  is  partly  due  to  the  influence  of  particle  precipitation,  such  as  the  storm  after  effects  discussed 
earlier.  However,  it  now  seems  clear  that  at  least  at  the  lower  latitudes,  the  main  winter  anomaly  effect 
is  due  to  interactions  of  the  ionosphere  with  the  neutral  atmosphere  at  and  below  ionospheric  heights. 

This  "meteorological  type"  of  winter  anomaly  was  recently  studied  during  the  "Wester  Europe  Winter  Anomaly 
Campaign"  conducted  from  Southern  Spain  during  the  winter  1975-76  (Offermann  1977).  The  enhanced  absorp- 
tion was  due  to  increased  electron  densities  in  the  height  region  75~95  km.  These  enhanced  electron  den- 
sities were,  however,  not  caused  by  increased  ionizing  radiation,  in  the  form  of  solar  electromagnetic 
radiation  or  energetic  particles,  but  appeared  to  be  due  to  at  least  three  different  factors  (Thrane  et  al. 
1978): 

a)  Enhanced  density  of  mesospheric  nitric  oxide  NO  causing  increased  ionization  by  solar  H-Lyman-a 

radiation. 

b)  Decreased  electron  loss  rate  in  the  range,  75“85  km.  This  decrease  coincided  with  a depletion  of 

heavy  positive  water  cluster  ions  with  large  recombination  rates. 

c)  Enhanced  density  of  mesospheric  excited  molecular  oxygen  02  (1Ag)  causing  increased  ionization  by 

solar  UV  radiation. 

The  period  of  enhanced  absorption  in  January  1976  was  associated  with  wavelike  structures  giving 
marked  deviation  of  the  atmosphere  from  the  reference  atmosphere  (CIRA  1972).  Figure  26  shows  the  noon  A3 
absorption  and  Figure  27  shows  rocket  measurements  of  atmospheric  temperature  clearly  demonstrating  a 
temperature  wave  distorting  the  normal  stratospheric-  and  mesospheric  temperature  profile  (Offermann 
1977,  Becker  et  al.  1978).  The  disturbance  could  be  traced  all  the  way  to  the  ground.  The  new  results 
promise  better  understanding  of  ionosphere-atmosphere  coupling  and  show  the  way  towards  possible  predic- 
tion of  such  events.  A further  indication  of  the  possible  role  of  transport  processes  was  given  by  Geller 
et  al.  (1976  who  showed  a connection  between  D-region  electron  densities  at  Urbana,  Illinois  and  meteor 
radar  drift  observations.  Drifts  from  the  north  was  correlated  with  enhancements  of  electron  density. 

Such  observations  could  be  explained  by  southward  transport  of  nitric  oxide  produced  by  particle  precipi- 
tation in  the  auroral  zone. 


STRATOSPHERIC  WARMINGS 
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The  coupling  between  the  ionosphere  and  stratosphere  was  first  clearly  demonstrated  in  studies  of 
the  correlation  between  ionospheric  absorption  and  stratospheric  warmings  (Shapley  and  Beynon  19^5 ) ybo 
showed  that  ionospheric  absorption  increased  a few  days  after  a temperature  increase  in  the  stratosphere. 
Stratospheric-mesospheric  midwinter  warmings  are  synoptic  scale  events  associated  with  a reversal  or 
"breakdown"  of  the  polar  circulation  at  altitudes  at  least  as  low  as  30  km  (Labitzke  1977).  A major 
warming  may  result  in  temperature  increases  in  the  upper  stratosphere  and  lower  thermosphere  of  more  that 
50  K.  The  events  occur  in  late  winter  and  last  for  days  or  weeks.  They  are  apparently  forced  from  the 
troposphere,  but  no  complete  explanation  has  been  given. 

In  view  of  the  recent  results  from  studies  of  the  winter  anomaly  it  seems  clear  that  changes  in  the 
state  of  the  neutral  atmosphere,  such  as  changes  in  composition  and  temperature,  can  influence  ionospheric 
parameters.  A better  understanding  of  the  coupling  mechanisms  may  lead  to  reliable  synoptic  prediction  of 
the  lower  ionosphere  baaed  partly  on  the  meteorological  situation  at  lower  levels. 


9.  TRAVELLING  IONOSPHERIC  DISTURBANCES  (TID) 

Radio  communications  are  sometimes  disrupted  by  moving  ionospheric  irregularities  that  may  alter 
the  characteristics  of  the  wave  (phase,  amplitude,  polarization,  direction  of  propagation)  on  time  scales 
ranging  from  seconds  to  hours.  Extensive  studies  have  been  made  to  identify  the  sources  and  map  the  be- 
haviour of  such  travelling  disturbances.  A review  of  the  results  has  been  given  by  Georges  (1967)-  He 
identifies  three  distinct  types  of  travelling  disturbances: 

a)  Very  large  disturbances  retaining  a vavelikc  structure  over  large  distances.  An  example  is  shown  in 

figure  _’fl.  Such  disturbances  are  closely  correlated  with  magnetic  storms,  an  almost  one-to-one  corres- 

pondence is  observed  between  this  kind  of  disturbance  and  storms  with  Kp  indices  greater  than  5.  The 
source  is  believed  to  be  joule  heating  by  the  auroral  electrojet.  Typical  speeds  are  >300  m/B  and 
typical  periods  30  minutes  to  more  than  one  hour. 

b)  A second  type  of  TID  is  the  "medium  scale"  events  which  travel  at  speeds  less  than  the  speed  of  Bound 

and  have  periods  from  10  to  1*0  minutes.  These  TID's  do  not  retain  their  Bhapes  over  a more  than  100  km 

and  are  not  well  correlated  with  known  geophysical  phenomena.  They  have  the  characteristics  of  internal 
atmospheric  waves  and  may  originate  in  the  lower  atmosphere. 

c)  A third  type  of  disturbance  seems  to  be  directly  associated  with  severe  weather  systems  such  as  large 
thunderstorms,  and  show  oscillations  of  the  order  of  3 minutes. 

Prediction  for  communication  purposes  of  TID's  would  seem  difficult  until  their  behaviour  is  better 
understood.  A possible  exception  are  the  very  large  disturbances  that  are  clearly  correlated  with  severe 
magnetic  activity. 


10.  MAN-INDUCED  IONOSPHERIC  DISTURBANCES 

Man  may,  inadvertently  or  on  purpose,  alter  the  state  of  the  upper  atmosphere  and  produce  distur- 
bances of  importance  for  radio  propagation.  Such  disturbances  fall  into  three  different  categories. 

a)  Changes  induced  by  heating  the  ionosphere  from  the  ground  by  powerful  radio  waves. 

b)  Release  of  chemically  active  substances  in  the  atmosphere  that  alter  the  composition  and  photochemical 
properties  of  the  medium. 

c)  Nuclear  detonations  releasing  ionizing  radiation  and  producing  shock  waves  that  significantly  change 
the  state  of  the  upper  atmosphere. 

Effects  of  all  three  kinds  of  disturbance  have  been  observed  and  are  now  reasonably  well  understood. 
The  first  category  includes  the  classical  cross  modulation,  or  Luxembourg  effect,  and  the  creation  of  ir- 
regularities or  spread  F conditions.  Since  appreciable  power  iB  needed  for  the  "heating"  transmitter , the 
affected  areas  have  limited  geographical  extent,  of  the  order  of  100  km  in  the  K-region  (Bailey  and  Martyn 
1937.  Utlaut  and  Cohen  1971). 

Releases  of  chemically  active  substances  also  have  transient  and  limited  effects  unless  very  large 
amounts  of  material  are  released.  For  example  an  ionospheric  effect  was  observed  after  the  release  of 
water  into  the  ionosphere  during  the  launch  of  Skylab  (Mendillo  et  al.  197S).  There  is,  however,  the 
possibility  that  man's  activity  over  longer  periods  may  change  the  state  of  the  upper  atmosphere  through 
releases  of  long  lived  species  that  are  transported  from  the  lower  atmosphere  to  greater  heights. 

Undoubtedly  nuclear  explosions  in  the  upper  atmosphere  have  produced  the  strongest  and  most  exten- 
sive changes  in  the  propagation  medium.  Radiation  from  a nuclear  charge  has  produced  ionospheric  effects 
such  as  black-outs,  phaxe  deviations  and  TID's  over  areas  many  thousands  of  kilometers  in  extent.  With 
present  day  knowledge  of  the  atmospheric  response  to  radiation,  effects  of  a known  type  of  nuclear  weapon 
discharged  at  a known  height  should  be  predictable  with  reasonable  accuracy. 
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11.  CONCLUSIONS 

Geophysical  disturbance  effects  in  the  upper  atmosphere  present  a very  complex  and  sometimes  bewil- 
dering picture  to  the  scientist  as  well  as  the  user.  Predictions  of  conditions  relevant  to  radio  communi- 
cations have  been  greatly  improved  in  recent  years  as  far  as  short  time  forecasts  of  certain  kinds  of  dis- 
turbances are  concerned.  However*  our  knowledge  of  the  propagation  medium  is  far  from  complete,  and  pre- 
dictions of  the  response  of  the  medium  to  an  imposed  stimuli  such  as  particle  precipitation,  increased 
temperature  etc  are  as  yet  bound  to  be  uncertain  and  qualitative  in  nature.  A picture  is  nevertheless 
emerging  of  the  main  physical  mechanisms  triggered  by  the  disturbance  sources,  and  the  extensive  efforts 
made  in  the  field  should  result  in  usable  prediction  schemes  in  the  future. 
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Figure  1 Time  variation  of  X-ray  flux  and  various  SID's  for  a flare  on  Sept  2 I960 
(Desphande  and  Mitra  1972) 

SCNA  Sudden  cosmic  noise  anomaly 

SFD  Sudden  frequency  deviation 

Crochet  Magnetic  disturbance 

SES  and  SEA  Field  strength  changes  of  LF  waves 


Figure  2 Electron  density  versus  height  profiles  for  a large  flare  on  July  8 1969 
(Montbriand  and  Bel  rose  1972). 
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Figure  U Electron  densities  during  SIDs  measured  at  three  D-region  heights  and  plotted 
as  a function  of  the  gray  body  X-ray  flux  derived  from  satellite  measurements 
in  the  range  0.1  - 0.8  nm  (Desphande,  private  communication). 


Figure  5 The  occurrence  rate  of  PCA  during  a sunspot  maximum  period.  The  sunspot  num- 
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Figure  7 Some  results  of  a neutral  and  ion  chemistry  analysis  of  the  lover  atmosphere 
at  altitudes  of  80,  70  and  60  Km  during  the  August  1972  solar  particle  event 
(Reagan  1977). 

The  points  indicate  observed  values,  the  lines  are  derived  from  model 
calculations. 
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Phase  and  amplitude  variations  at  VLF  during  K'A  for  paths  across  the  polar 
cap.  The  shaded  areas  indicate  deviations  from  the  normal  diurnal  variation 
( l-arsen  19T7 ) . 


Figure  8 


protons/cm  sec 


Figure  9 


Daytime  phase  e-t  vance  on  high-latitude  VLF  circuits  as  a function  of  the 
flux  of  protons  with  energy  greater  than  2b  MeV.  Phase  advances  have  been 
normalized  to  a frequency  of  26.1  kHz  and  to  a FVA-affected  path  portion  of 
bdOO  km.  From  Westerlund  et  al . (1969).  The  dashed  line  represents  paths 
across  1000  km  of  Greenland  icecap. 
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Figure  10  Per  cent  probability  that  phase*  offset  at  Omega  frequencies  exceed  certain 
limits  for  IX'A  and  SID  conditions  (Svanson  197**). 
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Figure  11  Typical  electron  density  profiles  Tor  different  P-region  conditions  ranging 
from  undisturbed  night  to  WA.  The  reflection  height  hp(*f  at  100  KH*  for 
medium  length  path  is  indicated  for  each  profile  ilarsen  and  Thrane  1977). 
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Figure  12  Dst  variations  of  \>V  in  each  of  eight  latitude  tones  for  strong  and  weak 
magnetic  storms  with  sudden  commencements . The  ordinate  is  the  approximate 
percentage  deviation  from  the  quiet  day  behavior  versus  storm  time  (in  hours) 
The  tone  number  is  shown  in  parenthesis  between  the  applicable  geomagnetic 
latitudes:  60°  (1)  55°  (2)  50°(3)  1*5°  (It)  1*0°  (5)  30°  (6)  20°  (7)  10°  (8)  - 
10°  (Matsushita  1959). 
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Figure  13  Temporal  variation  of  the  tul/lN^l  ratio,  |0  I,  and  at  200  km  (57°) 
(Hedin  et  al.  1977). 


figure  16  An  idenlir.ed  representation  of  the  two  main  Jones  of  auroral  particle  precipi 
tation  in  the  northern  liemi uphere , where  the  average  intensity  or  the  influx 
in  indicated  very  approximately  by  the  density  of  symbols  and  the  coordinates 
are  geomagnetic  latitude  and  geomagnetic  time.  The  "discrete"  events  are  rep- 
resented by  triangles  (which  closely  correspond  to  the  undisturbed  "auroral 
oval")  and  the  "diffuse"  events  are  indicated  by  the  dots  (llartr.  and  Price 
196/).  (Geomagnetic  time  is  local  solar  time  measured  with  respect  to  geomag- 
netic longitude.) 


figure  17  The  percentage  of  the  time  that  auroral  radio  wave  absorption  of  1.0  dh  or 
more  occurred  at  <0  MHv. . The  data  were  obtained  in  t lie  northern  hemisphere 
d,  ing  the  period  19', 9-1961 . and  are  plotted  ns  n function  of  geomagnetic 
latitude  and  mean  geomagnetic  time.  (After  Hart?,  et  nl.  1961). 


Average  electron  density  profiles  for  different  amounts  of  auroral  absorption 
(Jespersen  and  Landmark  I960). 


Figure  19  The  diurnal  variation  in  the  percentage  occurrence  of  sporadic  E echoes  that 
extend  beyond  7 MHz  on  ionograms  from  auroral-zone  stations:  the  data  are 
the  average  of  5 years*  data  at  Point  Harrow  (68.U°N),  Churchill  (68.7°N)  and 
Ft -Chi mo  (69.6°N)  (Hartz  19S8). 
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figure  2.-  comparison  of  Hf  predictions  of  probability  of  communication  with  measurements 
during  quiet  and  auroral  conditions 
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Figure  23  Schematic  drawing  of  electron  fluxes  (E  > 130  keV)  for  7 satellite  passes 
( Imhof  et  al.  1977). 
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Figure  2L  Latitudinal  flux  profiles  of  the  locally-trapped  (HEES)  and  locally-precipitat- 
ing (REES)  electrons  > 130  keV  before  (upper  panel)  and  after  (lower  panel)  the 
magnetic  storm  of  December  17  1971  (Larsen  et  al.  1976). 


Figure  25  Effective  electron  loss  rates,  i)<  = as  a function  of  height  for  moderately 

disturbed  conditions  (Larsen  et  al.  1976). 
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Figure  26  A3  absorption  and  infrared  radiant  fluxes  (l*0-U5  Km)  (ch  2115)  during  a period 
with  winter  anomaly  conditions  (Offermann  1977). 
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Figure  27  Rocket  temperature  measurements  compared  to  CIRA  72  model  profiles.  Rocket 
flights  are  labelled  by  their  dates  (Offermann  1977). 
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PROPAGATION  AT  MEDIUM  AND  HIGH  FREQUENCIES,  2 t 
LONG  AND  SHORT-TERM  M3  DELS 


P.  A*  Bradley 

S.R.C.,  Appleton  Laboratory,  Dttton  Park,  Slough,  Berks.  SL3  9 JX,  U.K. 


Procedures  lor  the  long-term  estimation  of  sky-wave  signal  strengths  at  MF  and  HF  as  proposed  by  the 
CCIR  are  discussed*  At  MF  an  empirical  lit  to  past  measured  signal  data  Is  used*  Particular  consider- 
ation is  given  to  modelling  the  Increased  losses  at  auroral  latitudes  and  the  excess  polarisation-coupling 
loss  on  some  low-latitude  paths*  Sea-gain-enhancement  allowances  are  also  presented.  Models  at  HF  are 
shown  to  Involve  a detailed  representation  of  the  state  of  the  ionosphere,  idealised  height  distributions 
of  electron  concentration,  an  approximate  means  of  raypath  determination  and  separate  allowances  tor  the 
different  factors  contributing  to  the  transmission  loss.  The  degree  of  agreement  with  observational  data 
achieved  is  illustrated  for  both  frequency  bands. 

CCIR  models  tor  atmospheric,  man-made  and  galactic  noise  are  reviewed  and  examples  presented  of 
computer-based  calculations.  The  use  of  statistical  day-to-day  signal  and  noise  variability  statistics 
to  provide  system  performance  estimates  at  HF  is  indicated. 

A brief  review  is  given  ot  short-term  modelling  approaches  at  HF  involving  real-time  updates  of  long- 
term predictions  and  geophysical  and  ionospheric  disturbance  forecasting. 

1.  INTRODUCTION 

In  the  companion  text*  the  requirements  are  discussed  for  long-term  and  short-term  models  of  signal 
propagation  via  the  ionosphere  and  of  noise  reception  characteristics.  Long-term  models  are  represent- 
ative over  time  scales  of  a month  or  more;  short-term  models  relate  to  current  conditions  in  the  light  of 
day-to-day  variability.  At  MF,  long-term  models  are  of  use  in  system  planning  to  determine  necessary 
transmitter  powers  and  preferred  operating  frequencies.  Since  this  band  is  occupied  for  the  most  part 
by  sound  broadcasting,  for  which  transmission  schedules  have  to  be  published  well  in  advance,  there  is 
little  need  for  short-term  prediction  models,  even  if  these  were  feasible.  At  HF  long-term  models  are 
required  for  system  design  and  network  planning;  short-term  models  have  potential  tor  frequency  manage- 
ment • 

There  are  many  publications  discussing  prediction  and  modelling  aspects  of  sky-wave  radio  propagation 
at  MF  and  HF.  These  include  earlier  AGARD  texts*”  . Here  attention  is  paid  to  current  international 
models  for  MF  and  HF  services.  Some  aspects  receiving  further  study  at  the  present  time  are  also  mentioned. 

2.  LONG-TERM  MODELS 


_* 


2.1  Signal  characteristics  at  MF 

MF  signals  penetrate  the  lower  ionosphere  and  are  usually  reflected  from  heights  of  85-100  km,  except 
over  distances  of  less  than  500  km  by  night  when  reflection  may  be  from  the  F-region.  Large  amounts  of 
absorption  occur  near  the  height  of  reflection  and  so  daytime  signals  are  very  weak.  Interest  therefore 
centres  largely  on  night-time  sky-wave  models  for  potential  interference  calculations,  but  there  is  also 
a iced  for  signal-strength  estimates  in  the  twilight  periods. 

Some  success  has  been  obtained  with  a wave-hop  prediction  scheme  ’ based  on  the  results  of  ray 
tracing  and  absorption  calculations  for  propagation  via  reference  model  ionospheres.  This  approach  has 
merit  for  cases  where  non-standard  transmitting  antennas  are  involved,  or  for  propagation  paths  leading 
to  large  polarisation-coupling  losses.  There  are  difficulties,  however,  in  deriving  representative  values 
of  absorption  for  all  conditions,  particularly  at  auroral  latitudes,  because  ot  the  extreme  variability  of 
the  absorbing  D-region  of  the  ionosphere  and  the  pauci ty  of  elec tron-concentrat ion  data  from  which  the 
corresponding  amounts  of  absorption  can  be  deduced.  The  internationally  preferred  prediction  model  for 
general  use  at  frequencies  up  to  1600  kHz  for  path  lengths  of  300-12000  km  is  therefore  now  based  on  an 
empirical  fit  to  past  measured  field-strength  data*1.  It  is  fortunate  that  broadcasting  organisations  pay 
particular  attention  to  the  monitoring  of  system  performance.  Hence,  unlike  the  position  at  HF,  a con- 
siderable quantity  of  such  data  exists,  collected  under  standardised  conditions  for  many  years. 

Measured  night-time  results  have  been  grouped  together  independently  of  season  to  give  annual  median 
half-hourly  field  strengths  for  a reference  transmitter  power  and  for  standardised  transmitting  and  re- 
ceiving antennas*  Results  have  been  examined  as  a function  of  distance,  frequency,  geographical  region 
and  path  orientation.  Although  not  surprisingly  the  measurements  show  appreciable  scatter,  it  has  been 
found  possible  to  produce  empirical  curves  of  best  fit  in  accord  with  expected  general  trends.  Several 
sets  of  such  curves  have  been  proposed  over  the  years. 

The  first  propagation  curves  used  were  the  so-called  Cairo  curves  adopted  by  the  CCIR  in  19387,  One 
curve  applies  to  N-S  paths  and  the  other  to  E-W  paths.  These  curves  were  derived  from  measurements  made 
in  1937  and  1938  at  a frequency  around  1 MHz  on  N-S  paths  on  the  American  continent,  on  E-W  paths  across 
the  North  Atlantic  and  on  paths  between  Europe  and  South  America.  The  degree  of  match  achieved  by  these 
curves  is  shown  in  Figure  l where  the  ordinate  scale  relates  to  the  reference  conditions  that  have  now 
been  adopted  to  express  the  measured  data.  Also  illustrated  for  comparison  are  curves  given  by  empirical 
equations  of  Ebert”  fitted  to  more  recent  measurements  collected  over  European  paths  in  campaigns  organised 
by  the  European  Broadcasting  Union  (EBU)  and  by  the  International  Radio  and  Television  Organisation  (01RT), 
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In  particular  the  Ebert  equations  include  a frequency  dependence.  Much  controversy  has  centred  on  whether 
signal  strengths  are  larger  at  the  higher  or  lower  frequencies  of  the  band.  It  is  now  believed  that  for 
roost  paths  there  is  more  absorption  at  the  higher  frequencies,  but  the  dependence  is  not  large  at  low  and 
middle  latitudes.  This  is  because  the  increased  contribution  to  the  absorption  from  the  upper  height  ranges 
as  the  reflection  height  increases  is  compensated  by  the  reduced  absorption  in  all  regions  traversed. 

In  recent  years  a Working  Party  of  the  CCIR  has  re-analysed  earlier  measurements  and  combined  results 
from  these  with  later  data,  including  those  from  geographic  areas  not  previously  included,  to  produce  new 
curves.  These  are  based  on  results  for  approximately  300  separate  paths.  With  the  inclusion  of  corrections 
to  the  curves  tor  paths  subject  to  certain  additional  factors  such  as  above  average  polarisation-coupling 
loss  or  sea  gain,  the  model  thereby  formed  has  general  international  acceptance6. 

E0,  the  annual  median  sky-wave  field  strength  measured  by  a loop  antenna  situated  over  ground  of 
average  conductivity  and  aligned  in  the  vertical  plane  along  the  great-circle  path  to  the  transmitter  at  a 
time  when  night  conditions  have  become  established  (from  6 hours  after  sunset  to  2 hours  before  sunrise) 
is  given  as 

Eo  “ v + GS  ' S>  + A - 20  lo«io  p - 10*\p  U) 

where  E is  measured  in  dB  above  l pV/ra 
o 

V s*  transmitter  cymorootive  force,  dB  above  a reference  cymorootive  lorce  of  300  volts 

Gg  =«*  sea-gain  correction,  dB 

Lp  - excess  polarisation-coupling  loss,  dB 

A ■=»  factor  depending  on  latitude 

p a slant-path  propagation  distance,  km 


and  =*  loss  factor  incorporating  effects  of  ionospheric  absorption,  focusing,  terminal 

losses,  and  losses  between  hops  on  multiple-hop  paths. 

V is  related  to  t*e  transmitter  radiated  power  P^.(dB  above  1 kW),  Gy  the  transmitting  antenna  gain  factor 
due  to  vertical  directivity  (relative  to  the  radiation  in  the  horizontal  direction  from  a short  vertical 
antenna)  expressed  in  dB,  and  G^  the  corresponding  gain  factor  due  to  horizontal  directivity  in  dB,  by 

V =-PT+CV+CH  (2) 

Go  is  the  additional  signal  gain  when  one  or  both  terminals  are  situated  near  the  sea.  Values 
adopted  have  been  derived  from  theoretical  considerations,  but  supported  by  some  experimental  evidence.  Gg 
is  a function  of  frequency,  path  length,  distance  from  the  coast  and  distance  to  the  next  section  of  land, 
measured  in  the  great-circle  path  direction.  It  rises  to  a maximum  of  10  dB  for  a single  terminal  for  long 
paths  when  the  terminal  is  on  the  coast  and  there  is  100  km  or  more  of  sea  in  the  receiver  direction 
(Figure  2).  Sea-gain  allowances  for  the  transmitting  and  receiving  terminals  are  additive. 


Lp  is  an  allowance  for  the  extra  polarisation-coupling  loss  between  vertically  polarised  transmitted 
and  received  signals  that  arises  over  low-latitude  paths  where  the  magnetic  dip  I is  below  45°.  This  loss 
is  particularly  severe  on  E-W  paths  where  the  ordinary  wave,  which  is  stronger  than  the  extraordinary  wave, 
is  essentially  horizontally  polarised.  As  deduced  from  detailed  theoretical  calculations,  Lp  is  taken  as 
being  given  by 

L,,  = 180  (36  + S2  + I2)'^  - 2 dB/terminal  (3) 

9 is  the  path  azimuth  measured  in  degrees  from  the  magnetic  E-W  direction  such  that  |fl|  S 90°.  Lp  is 
evaluated  separately  for  each  terminal  because  of  the  different  6 and  I that  may  apply,  and  the  two  Lp 
values  added.  Figure  3 shows  values  of  Lp  calculated  from  eq.  (3). 


q-.» 

as  positive  In  the  northern  hemisphere.  For  |t|  bt)°  values  ol  * - 60°  tor  the  northern  hemisphere  and 
ot  - 60°  for  the  southern  hemisphere  are  adopted.  Figure  <4  shows  that  K increases  to  a maximum  in  the 
auroral  and  polar  lonea  where  absorption  is  greatest.  The  dependence  on  frequency  is  only  significant  at 
the  higher  latitudes.  It  corresponds  to  an  increase  of  absorption  with  increase  of  frequency,  which  is 
in  the  reverse  sense  to  that  found  tn  the  U.S.A.  This  aspect  is  under  current  invest  igat  ion. 

The  (actor  A la  a slowly-varying  (unction  oi  4 given  a* 

A = 106.6  - 2 tin  t (6) 

U ae  ot  eq*.  (1),  (4)*  (3),  (?)  and  (8)  Lead*  to  the  propagation  curves  o ( Figure  3 (or  a trequency  ot 
1 MN<  and  a cymumotlvc  force  ot  300  V when  C«j,  Lp  and  are  all  aero. 

Sunrise  and  sunset  reterence  times  are  taken  at  the  ground  at  the  mid-path  position  tor  D * 2000  km 
and  at  730  kra  trora  the  terminal  where  the  sun  sets  last  or  rises  tirst  tor  longer  paths.  The  median  sky- 
wave  Held  strength  Et  at  some  other  time  t relative  to  these  reterence  times  is 


where  Lt  la  a diurnal  loss  (actor  (see  Figure  6). 


(^) 


For  Interterence  protection  considerations  it  is  important  to  be  able  to  estimate  sky-wave  signal 
intensities  other  than  annual  median  night-time  values.  The  tield  strength  exceeded  tor  10%  ot  the  total 
time  on  a series  ot  nights  in  a given  season,  during  short  periods  centred  on  a specitic  time  is  taken  as 
being  8 dB  greater  than  the  median  value  derived  t rom  the  above  expressions,  although  it  is  noted  that 
larger  diiierences  (rom  the  median  may  occur  at  the  peak  ot  the  solar  cycle.  Seasonal  variations  in 
tropical  latitudes  are  relatively  small,  but  at  temperate  latitudes  spring  and  autumn  tield  strengths 
are  the  largest  and  summer  tield  strengths  the  least.  Suggested  values  tor  planning  purposes  are  that 
the  overall  seasonal  variation  may  be  IS  dB  at  the  lowest  frequencies  ot  the  band,  decreasing  to  about 
3 dB  at  the  upper  frequencies.  In  Europe  the  median  daytime  field  strength  in  winter  is  23  dB  less  than 
the  night-time  value;  in  summer  it  is  about  bO  dB  less.  Further  information  on  the  day-to-day  vari- 
ability ot  measured  field  strengths  is  available  . 

Various  sets  ot  comparisons  have  been  produced  between  measured  and  predicted  tield  strengths  and 
these  have  been  used  from  time  to  time  to  effect  changes  to  the  prediction  models.  Figure  7 shows  one 
set  of  comparisons  produced  in  ld7o  before  the  latest  version  of  the  model  was  adopted.  Although  not  now 
valid  in  detail,  it  nonetheless  gives  an  indication  of  the  general  range  of  accuracies  achieved  in 
different  regions.  Using  the  current  model,  Wang^  has  made  a detailed  study  ot  North  American  path  data. 
He  finds  that  measured  tield  strengths  on  N-S  paths  exceed  those  predicted  by  as  much  as  13  dB.  Cor- 
responding measurements  for  E-W  paths  give  field  strengths  10  dB  less  than  predicted.  Wang  has  produced 
a new  model ^ in  which  the  influence  of  solar  activity  is  expressed  by  a parameter  which  depends  not  only 
on  sunspot  number  but  also  on  distance,  trequency  and  geomagne tic  latitude.  Other  models  have  been  form- 
ulated to  give  a better  match  to  the  data  in  the  different  individual  geographical  regions.  However,  it 
is  generally  recognised  that  the  loss  of  accuracy  in  using  the  present  CC1R  model  is  an  acceptable  price 
to  pay  tor  having  a single  prediction  model  ot  worldwide  applicability.  When  applied  to  266  paths  for 
which  individual  results  are  available,  the  error  in  prediction  has  a standard  deviation  ot  7 dB. 

2.2  Signal  characteristics  at  HF 

2.2.1  Path  MUF  and  FOT 

Waves  travel  via  the  ionosphere  at  HF  with  reflection  from  the  E,  Es,  FI  and  F2  layers.  The 
path  MlIF  is  defined  as  the  highest  frequency  that  can  propagate  between  a pair  of  specified  terminals  via 
any  ionospheric  mode.  It  is  a function  of  path  length,  geographic  position  and  time.  There  are  syste- 
matic variations  with  time-of-day,  season  and  solar  epoch,  and  also  irregular  day-to-day  changes.  Methods 
of  prediction  are  restricted  to  determining  smoothed  monthly  median  values  and  to  providing  statistical 
parameters  descriptive  of  the  daily  figures.  Propagation  by  means  of  F2-, E-  and  FI  modes  is  allowed  tor, 
depending  on  the  path  length,  but  it  is  not  usually  appropriate  to  take  account  of  Es-modes  because  ot 
their  generally  intermittent  occurrence  and  differing  signal  characteristics.  The  path  MUF  is  taken  as 
the  highest  MUF  of  any  mode  reflected  from  the  different  layers,  so  that  it  is  necessary  to  tirst  deter- 
mine the  separate  F2-,  E-  and  Fl-MUF's,  depending  on  the  path  length. 

MUF*s  may  be  evaluated  by  ray-tracing  procedures.  However,  a simpler  alternative  approach 
currently  recommended  by  the  CC1R  and  relying  on  empirical  relationships  makes  use  ot  the  equation  : 

MUF  - D « fQ  . M(D)  (10) 

where 

MUF-D  is  the  MUF  tor  a single-hop  mode  reflected  t rom  a given  ionospheric  layer  and  propagated 

to  ground  distance  D 


f^  is  the  critical  trequency  ot  the  layer 

and  M (D)  is  known  as  the  *M*  or  'MUF'  factor  tor  distance  D. 

There  are  three  separate  stages  in  the  MUF  determination  process  : 

(i)  selection  of  procedures  to  define  positions  along  the  propagation  path  at  which  ionospheric 

Information  should  be  sought  and  to  formulate  appropriate  single-hop  path  lengths  D 
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evaluation  of  f0  and  M(D)  tor  paths  centred  on  these  positions,  and 
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use  ot  eq.(lO)and  where  appropriate  the  comparison  of  HUF'i  for  modes  reflected  trow  the 
different  layers* 


(ill) 


\ 
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For  paths  shorter  than  4000  ktu  predictions  are  made  tor  both  an  F2  mode  and  an  E inode.  Between 
2000  km  and  1400  kra  the  FI  mode  Is  also  considered*  For  longer  paths  only  an  F2  mode  Is  taken  Into  account. 
For  path  lengths  ot  >*000  km  and  less,  calculations  are  based  on  single-hop  propagation  via  the  ionosphere 
given  at  the  mldpath  position*  With  greater  distances  the  so-called  two-control-polnt  procedure  Is  used 
in  which  the  path  MUF  Is  taken  as  the  lower  ot  the  two  MUF's  for  a 4000  km  hop  centred  on  locations  2000  km 
along  the  great  circle  from  the  transmitter  and  receiver.  Although  there  is  no  rigorous  basis  tor  this 
approach  and  opinions  are  divided  on  its  merits,  its  use  is  considered  justifiable  in  many  applications. 

On  the  basis  ot  t ransformation  re lat ionships  from  vertical  to  oblique  propagation,  standard  MUF 
factors  have  been  determined  tor  ret  lection  from  the  different  layers.  These  factors  depend  principally 
on  layer  height.  Curves  showing  representative  factors  as  a function  < f distance  tor  single-hop  re- 
flection from  the  F2-,  E-  and  FI-  layers  are  given  in  Figure  8.  Values  are  larger  the  lower  the  layer 
height  and  so  are  greatest  tor  E-modes*  A fixed  HUF  lac  tor  relationship  is  adopted  tor  all  E reflections 
since  this  laver  maintains  a nearly  constant  height.  A family  ot  MUF  factor  relationships  parametric  in 
smoothed  sunspot  number  is  used  tor  FI -modes.  These  are  consistent  with  Kl-layer  heights  being  signifi- 
cantly greater  at  sunspot  maximum.  The  temporal  and  spatial  changes  ot  F2-layer  heights  are  so  complex 
that  a more  detailed  treatment  is  needed  tor  F2-iix»des.  Families  ot  HUF  tactOT  curves  have  therefore  been 
defined  which  are  parametric  in  the  value  tor  a 3000  km  path,  H(3000)F2. 

Hence  the  kernel  to  the  prediction  procedure  is  the  determination  ot  values  of  loE,  toFl,  foF2 
and  H(3000)F2  tor  the  appropriate  locations  and  times.  Numerical  representations  have  been  applied  to  past 
measured  vertical-incidence  lonosonde  data**  from  many  locations  throughout  the  world  where  standardised 
recordings  are  made  each  hour  of  every  day  to  provide  predicted  values  of  these  ionospheric  characteristics. 
The  CCIK  has  produced  an  Atlas*^  giving  monthly  median  estimates  by  means  of  charts,  nomograms  and  computer- 
based  formulations.  toE  is  obtained  from  empirical  expressions  which  assume  a variation  with  latitude, 
tlme-of-day  and  season  that  depends  on  the  solar-senlth  angle  X • This  angle  is  calculated  readilw  The 
solar-actlvl ty  dependence  Is  included  by  means  ot  a multiplying  tactor  in  terms  of  Rj2  the  smoothed  sunspot 
number.  foFl  obeys  the  empirical  equation 

ton  » i co*".<r  (ID 

where  both  ls  and  n depend  on  geomagnetic  latitude  and  Rjt* 

In  the  case  ot  the  F2-layer  the  Atlas  contains  printed  world  maps  ot  the  parameters  EJF(ZER0)F2 
and  EJF(4000)F2  every  two  hours  UT  tor  each  month  ot  reference  years  with  = ^ and  100  (Figure  9), 
Estimates  tor  other  Kj2  *re  determined  by  linear  interpolation  or  ext rapo lation  between  these  figures.  The 
nomograms  provided  with  the  Atlas  give  EJF(D)F2  in  terms  ot  EJF(ZER0)F2  and  EJF(4000)F2  by  means  ot  an 
equivalent  procedure  to  that  described  above.  These  two  mapped  parameters  are  related  to  foF2  and 
H(3000)F2,  as  given  directly  in  the  computer  formulation,  by 

EJF(ZEK»F2  = foF2  4-0.5  MHz 

and  E JF ( 4000 ) F 2 » foF2  x 1.1  x H(3000)F2  (.12) 

There  are  separate  computer  formulations  tor  CoF2  and  M(3000)F2  for  every  month  of  the  two 
reference  years.  Each  consists  ot  orthogonal  polynomial  expressions  in  terms  ot  geographic  latitude 
geographic  longitude  8 and  Universal  Time  T.  The  general  characteristic  is  expressed  as  a time 

series  i 
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where  the  a’r.  and  b's  give  the  latitude  and  longitude  variations,  being  defined  as  : 


bj  (A'9) 


k 


\' 


u 


-1 , k 


G.(A,d) 

K 


(14) 


The  U 1 s are  numerical  coefficients  and  the  G's  are  t rigouometrtc  functions  ot  geographic  longitude  and  a 
combined  geographic  and  magnetic  latitude  parameter.  Several  tens  of  thousands  ot  coefficients  are  in- 
volved in  defining  foF2,  M(3000)F2  and  the  other  ionospheric  characteristics  which  are  represented  in  this 
same  wav.  These  coefficients  are  contained  on  a special  data  tape. 


The  frequency  of  optimum  traffic  (POT),  known  alternately  as  the  optimum  working  frequency,  is 
defined  as  the  highest  frequency  that  Is  likely  to  propagate  at  a given  time  between  a specified  pair  ot 
terminals  via  any  ionospheric  mode  tor  90%  of  the  days.  It  is  given  in  terms  of  the  monthly  median  pre- 
dicted path  MUF  t rom  a knowledge  ot  day-to-day  ionospheric  variability.  The  E-  and  Fl-layers  experience 
relatively  little  variability  from  one  day  to  another,  and  when  these  control  the  path  HUF  the  F0T  is 
taken  as  0.95  ot  the  MUF.  For  F 2 -modes  F ( % the  ratio  ot  the  lower  decile  to  median  MUF,  has  been  evaluated 
f rom  a wide  range  of  past  signal  measurements  and  tabulated  as  a function  of  solar  epoch,  season,  local  time 
and  geographic  latitude  tv'  provide  a reference  set  ot  values*^. 

A computer  program,  named  MUFFY,  has  been  developed  at  the  Appleton  Laboratory,  Slough  specifi- 
cally lor  the  estimation  of  path  MUF  and  F0T  by  the  above  CC1R  procedures.  The  program  carries  out  all 


Li 


necessary  calculation*  Including  path- length  determination.  Table  I provide*  an  illustration  ol  the  print- 
out  • 


Studies  are  In  progress  comparing  the  relative  values  of  Ml'F  given  by  this  Ml'F  factor  procedure 
with  those  deduced  l rom  ray  tracing.  Some  data  are  available  produced  as  supplementary  information  in  the 
tirst  CCIK  field-strength  model  (.computer  programs  HFMLOSS  and  KIH1A)  and  in  the  Institute  Iot  Tele- 
communicat  ion  Sciences,  Boulder,  procedure  for  system-performance  assessment  (program  HFMUFES  3)  - see 
Sections  2,2 ,2  and  2.4  respectively.  Table  II  shows  results  for  a short  and  a long  path.  There  are  differ- 
ences between  HFMLOSS  and  HFMUFES  i because  separate  representations  of  toF2  are  used.  However  both  programs 
give  enhanced  Ml'F's  when  compared  with  HUFFY  and  there  is  some  evidence  that  this  is  a general  feature. 
Although  tor  some  applications  these  differences  may  not  be  regarded  as  too  serious,  there  appears  a need 
to  re- examine  existing  Ml ‘•'-factor  relationships  in  comparison  with  ray-tracing  results  based  on  the  best- 
available  ionospheric  models. 

2.2.2  Signal  strength 

An  interim  computer-based  sisnal-pradic Cion  procedure  was  developed  by  the  CC1B  in  1970*4*  and  a 
second  procedure  was  produced  in  197f>*  . The  computer  program  for  this  second  method  is  still  in  course 
of  preparation.  At  the  same  time  various  participating  organisations  are  attempting  to  formulate  further 
improvements  in  the  prediction  technique.  For  the  present,  the  CCIK  recommends* f’  that  the  first  procedure 
should  be  used  tor  all  computer-based  predictions  at  frequencies  above  2 MHe  until  the  computer  program 
for  the  second  procedure  has  been  produced  and  the  method  tested.  No  manual  signal -predict ion  model  has 
yet  been  adopted  by  the  CCIK,  although  several  different  procedures  exist.  Whilst  user  needs  vary,  the 
increasing  availability  of  computing  aids  suggests  that  the  principal  requirement  will  be  for  a very  simple 
manual  method,  albeit  one  including  many  approximat ions. 

As  noted  in  Section  2.1,  two  different  approaches  to  sky-wave  signal-intensity  prediction  are 
possible.  One  is  to  fit  empirical  equations  to  measured  data  for  different  paths,  times  and  frequencies. 

The  other  is  to  estimate  intensity  in  terms  of  a number  of  separate  factors  know.,  to  influence  the  signals. 
These  factors  may  be  given  by  expressions  which  have  been  deduced  either  from  theory  or  measurement.  Un- 
fortunatelv  both  approaches  have  limitations.  The  former  is  likely  to  be  simpler  but  unless  a large  data 
base  exists,  trends  must  be  interred  and  are  liable  to  error.  The  latter  approach  is  conceptually  more 
elegant  and  enables  variations  to  be  specified  m a physically  meaningful  manner.  However,  there  remains 
the  possibility  of  error  due  to  failure  to  allow  for  a significant  term  or  to  an  inexact  allowance.  There 
is  also  a likelihood  of  devising  a method  which  is  over-complex  and  tor  which  the  accuracy  achieved  does 
not  merit  some  of  the  complications  that  have  been  introduced.  In  view  ol  the  shortage  of  available  and 
reliable  measured  signal  data  at  HF,  it  is  generally  agreed  in  contrast  to  the  position  at  MF  that  pre- 
diction methods  should  rely  on  allowances  for  the  separate  factors.  Existing  models  differ  in  regard  to 
what  factors  to  include  and  what  allowances  to  use  for  these. 


HF  prediction  methods  usually  yield  monthly  medians  of  hourly  smoothed  field  strengths  and 
available  receiver  powers  and  their  statistical  day-to-day  variations  about  these  values.  The  separate- 
factor  approach  involves  specifying  models  of  the  height  distributions  ol  electron  concentration  in  terms 
of  global  representations  of  the  standard  vertical-inci dence  ionospheric  characteristics  discussed  in 
Section  2.2.1.  The  raypaths  of  all  propagation  modes  that  can  exist  between  the  transmitter  ai.J  receiver 
are  determined  using  some  form  of  ray  tracing.  The  probabilities  ol  mode  occurrence  (availabilities)  are 
evaluated  from  estimates  of  the  mode  Ml'F’s  and  their  likely  day-to-day  variability.  Signal  strengths  are 
given  by  computing  the  separate  terms  contributing  to  the  transmission  loss  of  each  mode,  with  due  allow- 
ance tor  the  raypath  angles  involved.  Different  methods  include  those  terms  considered  appropriate,  but 
all  allow  tor  the  most  important  factors  which  are  generally  agreed  as  transmitter  power,  transmitting  and 
receiving  antenna  gains,  spatial  attenuation  and  ionospheric  absorption.  Data  based  on  relative  signal- 
intensity  measurements*  , for  which  there  are  many  more  available  than  absolute  measurements,  give  the 
likely  day-to-day  scatter  in  signal  intensity  about  the  predicted  monthly-median  values. 


2.2. 2.1  First  CCIR  procedure 


In  the  tirst  procedure  the  model  of  the  vertical  distribution  of  electron  concentration  consists 
of  E and  F-region  segments  with  a parabolic  height  variation  (Figure  10).  The  sporadic-E  layer  is  in- 
cluded as  an  option.  The  F-region  is  taken  as  having  a plasma  frequency  which  is  a maximum  equal  to  foF2 
at  height  hmF2;  it  becomes  zero  as  the  height  is  reduced  by  ymF2.  The  E- region  is  represented  by  a lull 
parabola  with  maximum  plasma  frequency  foE,  height  of  maximum  hmE  = 110  km  and  semi  thickness  vmE  = 20  km. 

The  sporadic-E  layer  is  taken  as  a negligibly  thin  layer  at  a height  of  110  km  and  of  maximum  plasma  frequency 
foEs.  The  model  is  completely  defined  for  any  specified  time  and  place,  in  terms  of  monthly  median  pre- 
dictions of  the  standard  ionospheric  character! sties*  foF2,  loE,  foEs,  M(3000)F2  and  h'F. 

hmF2  is  given  by  an  empirical  equation  based  on  M(3000)F2  i 
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where  Ah  i $ a correction  factor  tor  underlying  ionisation,  evaluated  as 

*h  ■ *>|  « l0‘e  ( r~r ) - 2 j 

with  t - 0.834 


116) 


ymF2  is  expressed  in  terms  of  h'F,  the  virtual  height  of  the  base  of  the  F-region,  by 


To  evaluate  the  propagation  mode*  that  exist  between  defined  transmitter  and  receiver  locations, 
ravpaths  are  assumed  to  follow  the  gr«at  circle  and  are  deduced  from  a single  model  of  the  vertical 
distribution  ot  electron  concent  rat  ion  taker,  as  applying  over  the  whole  path.  The  values  ot  the  parameters 
of  this  model  are  given  in  terms  ot  the  average  ot  the  predicted  ionospheric  characteristics  at  up  to  five 
detined  positions,  depending  on  path  length.  For  distances  less  than  2000  km,  only  the  midpoint  is  con- 
sidered. At  other  distances  the  separate  positions  are  taken  as 


v l ) the  aid- path  point 

ill)  the  E-region  reflection  point  nearest  the  transmitter  tor  the  least  possible  number  of  hops 

(III)  the  E-region  reflection  point  nearest  the  receiver  tor  that  same  number  ot  hops 

(iv)  the  F-region  retlection  point  nearest  the  transmitter  tor  the  least  possible  number  ot  hops 

(v)  the  F-region  reflection  point  nearest  the  receiver  tor  that  same  number  of  hops. 

Retlection  points  are  taken  to  be  at  each  mid-hop  position  and  are  estimated  by  assuming  all  hops  have 
equal  length  not  exceeding  2000  km  in  the  case  ot  E-modes  or  **000  km  tor  F-modos.  When  two  points  as  de- 
fined above  coincide  they  are  awarded  only  a single  weighting  in  evaluating  the  averages. 

The  modes  which  are  examined  depend  on  the  t ransrol t te r- recei ver  separation.  They  include  cases 
ot  single  and  mu  1 1 1 p l e-hop  reflection  t rom  the  E,  Es  and  F-layeis,  and  also  tor  paths  exceeding  2000  km 
range,  mixed  modes  involving  retlection  t rom  the  E or  Es  layers  together  with  retlection  t rom  the  F-layer. 
For  the  shorter  paths  (less  than  2000  km)  a search  is  made  tor  the  following  modes  : the  least-order 
possible  and  the  next-higher  order  E-modes,  the  least  order  and  the  next  two  higher-order  possible  F-modes. 
It  desired,  modes  involving  retlection  t rom  the  Es-iayer  can  be  considered  as  an  option  tor  frequencies 
giving  penetration  ot  the  regular  E-layer,  but  the  screening  ettect  ot  the  Es-layer  is  not  taken  into 
account • 

For  a mode  to  be  possible  at  a given  frequency  the  following  conditions  must  be  met  and  are 

tested  t 

(i)  the  ray  is  retlected  1 rom  the  layer  tor  the  frequency  and  angle  ot  elevation  that  apply 

(ii)  The  elevation  angle  exceeds  a limiting  minimum  value  which  is  specified*  This  can  be  non-sero 

to  take  account  ot  terrain  screening  in  undulating  or  mountainous  regions 

(in)  in  the  case  ot  reflection  from  the  F-layer,  screening  by  the  E-layer  does  not  occur* 

For  path  lengths  exceeding  2000  km,  two  mixed  modes  are  also  considered.  One  mixed  mode  consists  ot  a 
single  E (or  Es)  laver  reflection  and  the  least  possible  number  ol  F-rot lections.  The  other  mixed  mode 
consists  ot  two  E (or  Es)  reflections  and  the  least  possible  number  of  F-ret lections.  Since  a uniform 
ionosphere  is  assumed  to  exist  over  the  whole  path,  no  distinction  is  made  in  the  order  in  which  the 
separate  mixed-mode  reflections  arise* 

Oblique  ravpaths  tor  a frequency  are  determined  assuming  p . ane-mi  rror  retlection  t rom  a 

height  h*  equal  to  the  virtual  height  tor  vertical- incidence  propagation  at  an  equivalent  frequency  tv» 

From  the  well-known  secant  law 

t . =»  f . k sec  i (liO 

ob  v 

where  i is  the  semi-vertex  angle  at  height  h*  and  k is  a correction  factor  exceeding  but  close  to  unity, 
arising  t rom  earth  and  ionosphere  curvature,  k is  given  by  an  approximate  empirical  expression  in  terms 
of  i,  h'  and  the  true  height  of  retlection  at  vertical  incidence  for  frequency  ty*  For  a specified  hop 
length  d and  virtual  height  h' 

Mn  1 ^ * co*  ^ H +T  Ug) 

where  R is  Che  radius  of  the  Earth. 

Analytical  equations  are  available  for  the  true  and  virtual  heights  at  vertical  incidence* 
Iteration  of  eqs.  (Id)  and  (l1*)  and  the  expression  tor  k leads  to  a matched  set  of  values*  In  particular, 
the  elevation  angle  d is  then  given  t rom 

t,n  A ” cot  ( 7?  - F'+T7  ’ coa,,c  { H (20) 

In  determining  the  hop  length  in  the  case  of  reflection  t rom  the  F- laser,  a separate  allowance  is  made  tor 
the  contribution  due  to  rav  bending  which  takes  place  in  penetrating  the  E-laver  on  both  the  upward  and 
downward  legs  ot  the  path. 

Iterative  expressions  involving  the  above  equations  are  also  used  to  determine  the  mode  MUF  and 
its  associated  elevation  angle.  In  this  case  t0^  is  assumed  unknown  and  the  procedure  is  based  on  the 
tact  that  at  the  MUF  the  term  df0j,/dlv  is  sero*  The  path  MUF  is  taken  as  the  highest  value  ot  mode  MUF  tor 
the  different  modes  that  are  examined.  Ravpath  parameters  and  MUF*s  evaluated  in  this  way  are  monthly 
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median  tlgurcsi  since  they  art*  based  on  representations  of  the  monthly  median  ionospheric  characteristics* 

The  distributions  ot  daily  MUK  about  the  monthly  median  values  are  assumed  to  follow  a chi-square  law.  Use 
is  made  ot  the  reference  tabular  values,  noted  in  Section  2.2.1,  of  F {,  the  ratio  of  the  lower  decile  to 
the  median  MUK  and  also  of  corresponding  values  of  Ku,  the  ratio  of  the  upper  decile  to  the  median,  to 
determine  tor  each  wave  frequency  and  examined  mode  the  traction  ot  days  for  which  the  mode  can  exist  over 
the  path.  This  is  known,  as  already  noted,  as  the  availability.  Since  the  day-to-day  MUK  variability  of 
K -modes  Is  very  small,  their  availability  is  taken  as  either  0.V9  or  zero,  depending  on  whether  or  not  the 
median  MUK  exceeds  the  oblique-wave  trequency.  Kei lection  heights  tor  sporadlc-K  modes  do  not  vary 
greatly  and  so  MUK  variability  Is  approximately  the  same  as  that  ol  maximum  plasma  trequency.  Hence  avail- 
abilities are  deduced  in  terms  ol  lv  and  foEs  and  use  is  again  made  ol  the  chi-square  law.  Upper  and  lower 
decile  toEs  are  taken  from  numerical  representations  similar  to  those  tor  median  foEs. 

With  those  modes  which  can  exist  known  and  their  associated  elevation  angles  given,  the  next  stage 
is  to  evaluate  the  corresponding  signal  intensities  at  the  receiver.  Monthly  median  values  ol  mean  avail- 
able receiver  power  tor  the  separate  propagation  modes  are  determined  in  terms  of  transmitter  radiated  power, 
transmitting  and  receiving  antenna  gains  and  the  basic  transmission  loss. 

Pr  “Pt  +Ct  +Cr  * h,  (21) 

where  P{  transmitter  power  (dHW) 

P ^ received  power  (dBW) 

Ci ^ ■■  transmitting  antenna  gain  (decibels  relative  to  an  isotropic  antenna) 

Ur  receiving  antenna  gain  (decibels  relative  to  an  isotropic  antenna) 

L^  basic  transmission  loss  (decibels) 

The  corresponding  rms  sky-wave  field  strengths  E (dB>UW/m)  are  given  in  terms  of  l*r  by 

E - Pr  + 20  loglQ  I + 107.2  (22) 

where  l is  the  wav*’  frequency  In  Megahertz. 

Kor  the  estimation  ol  basic  transmission  loss  the  spatial  attenuation  Is  taken  to  be  that  which 
would  arise  in  tree  space  at  a distance  equal  to  the  mirror-rel lection  slant-path  total  length.  Ionospheric 
absorption  is  given  by  an  empirical  equation  derived  t tom  measured  obi ique-pnth  signal  dutu.  It  is  taken  as 
being  a function  ot  frequency,  path  obliquity,  solar-zenith  angle  and  smoothed  sunspot  number.  Absorption 
on  the  separate  hops  is  cumulative. 


Multiple-hop  ground- ref  lection  Losses  are  evaluated  lit  terms  ol  the  ground- rot  lection  coefficients 
for  vertically  and  horizontally  polarised  waves.  These  depend  on  frequency,  elevation  angle  and  ground 
constants  as  deduced  from  a numerical  world  map  ol  ground  conductivity  and  relative  dielectric  constant. 

An  additional  term  included  In  the  basic  transmission  Loss  is  known  as  the  excess- system  loss.  This  is 
intended  to  take  account  of  losses  not  explicitly  allowed  for  such  as  those  due  to  |K>larlsat ion  oil  nets, 
sporadlc-K  and  auroral  absorption  eilects.  Keterence  values  ol  excess-system  loss  in  the  range  ^-2^  dll 
adopted  from  measured  signal  data  depend  on  midpath  geomagnetic  latitude  and  time  ot  day,  season  and  whether 
short  or  long-paths  are  involved.  Corresponding  relerence  values  are  also  given  ot  the  upper  and  lower 
standard  deviations  oi  the  day-to-day  signal  variability,  to  permit  the  estimation  of  the  signal  strengths 
exceeded  lor  different  tractions  ol  the  month.  The  probability  l hat  a given  mode  produces  a mean  available 
receiver  power  exceeding  some  spec l l i ed  required  power  (the  dependability)  is  given  as  the  product  oi  the 
availability  and  the  probability  that  it  has  the  necessary  strength. 

Two  computer  programs  are  available  from  the  CCIR  to  perform  calculations  in  accordance  with  the 
above  procedures  : program  MKMLUSS  with  a single  output  format  and  no  allowance  lor  antenna  gain,  and 
program  RIM1A  which  is  similar,  hut  Includes  subroutines  to  calculate  tin*  gain  ol  a selection  ot  antennas 
and  lias  three  separate  optional  printout  formats. 

Table  III  illustrates  the  printout  tor  HFMLOSS.  Input  data  include  transmitter  radiated  power 
and  required  available  receiver  power,  assuming  an  isotropic  lossless  receiving  antenna.  For  each  hour 
there  is  a tabulation  ol  the  path  MUK,  and  then  for  each  frequency  separately  the  following  parameters  are 
g i ven  > - 


MODE 
ANGLE 
DELAY 
VI RT  MT 

K.  DAYS 
LOSS  l)H 
DBU 

SIC.  DBW 
F.  SIC 


propagation  mode  with  the  greatest  depeudabi l i l y 

elevation  angle  (degrees)  ol  the  mode  with  the  greatest  dependability 

propagation  time  (mill i sec)  ol  the  mode  with  the  greatest  dependability 

equivalent  ml rror- re  I 1 ec t ion  height  (km)  of  the  inode  with  the  greatest  dependability  - 

This  relates  to  F-layer  reflection  In  the  case  of  mixed  inodes 

availability  of  the  mode  with  the  greatest  dependability 

transmission  loss  (dB)  ol  the  mode  with  the  greatest  available  receiver  power 
nns  skv-wave  field  strength  (dB > 1 MV/m)  o f the  inode  with  the  greatest  available 

receiver  power 

greatest  available  receiver  power  from  an  isotropic  lossless  receiving  antenna 
(dB  > 1 watt)  for  the  different  modes 

fraction  of  days  that  the  mode  with  the  greatest  available  power  f nun  an  Isotropic 
receiving  antenna  Is  present,  lor  which  the  power  exceeds  the  required  power. 


Since  many  HF  circuits  involve  antennas  with  significant  directivity  at  one  or  both  tennluals, 
there  are  particular  advantages  in  taking  account  of  this  tact  in  the  si gna 1 - st rengt h predictions.  The  in- 
corporation ot  allowances  lor  transmitting  and  receiving-antenna  gains  leads  not  only  to  estimates  ol 
signal  strength  and  system  performance  that  are  more  directly  applicable,  but  also  ensures  that  the 


HU 


strongest  mode  is  accurately  identified,  since  this  can  depend  on  the  antennas  used.  In  KIM1A,  following 
procedures  developed  at  the  Institute  lor  Telecommunication  Sciences,  Boulder,  an  array  matrix  ol  antenna 
gain  as  a function  ol  frequency  and  elevation  angle  is  formed  for  both  the  transmitting  and  receiving 
terminals.  Table  IV  shows  an  abbreviated  version  ol  this  matrix  in  the  case  of  a stacked  horirontal- 
dipolc  antenna  of  the  type  UK  4/4/1  (4  bays  of  4 half-wave  elements  with  a reflector  screen.  The  elements 
are  spaced  halt  a wavelength  apart  in  height  and  with  the  lowest  element  one  wavelength  above  the 
ground).  In  the  program,  interpolation  is  made  within  array  matrices  of  this  type  in  terms  ol  the  computed 
raypath  directions.  R1M1A  has  four  output  formats  - a short  printout  of  MUF  and  FOT  similar  to  that  ol 
program  HUFFY,  the  antenna  gain  printout,  a diagnostic  printout  indicating  intermediate  parameters  in  the 
calculations  of  use  in  special  investigations,  and  a main  printout  illustrated  in  Table  V.  This  last  print- 
out is  similar  to  that  ol  HFMLOSS , except  that  additional  information  is  included  in  the  heading  data  to 
indicate  the  antenna  types  used,  their  dimensions  and  orientations,  and  the  associated  ground-reflection 
constants.  Revised  definitions  oi  *SIC  DBW*  and  * F.  SIC*  are  j- 


SIG  DBW  - greatest  available  receiver  power  from  a receiving  antenna  of  the  type  employed 
(dB  > 1 watt)  tor  the  different  modes 

F.  SIC  - fraction  of  days  that  the  mode  with  the  greatest  available  power  from  a receiving 
antenna  of  the  type  employed  is  present,  lor  which  the  power  exceeds  the  required 
power. 

The  printout  also  Includes  the  dependability  (DEP.)  of  the  mode  with  the  greatest  available  power  from  a 
receiving  antenna  ot  the  type  employed  (i.e.  the  product  of  F.  SIG  and  F.  DAYS). 


For  the  purposes  of  testing  the  accuracy  ot  HF  signal  prediction  models,  the  CCIR  has  established 
a data  bank  of  past  measurements  and  has  formulated  standardised  procedures  tor  the  collection,  tabulation 
and  analysis  of  future  data1**.  A representative  sample  of  the  data  already  deposited  for  lb  paths  with 
ranges  of  450-16200  km  has  been  studied.  The  measurements  have  been  normalised  to  give  the  corresponding 
monthly  median  values  ot  rtns  sky-wave  Held  strength  lor  1 kW  radiation  from  an  isotropic  transmitting 
antenna  and  compared  with  the  model  estimates  indicated  by  HFMLOSS  . There  is  some  evidence  that  tin- 
differences  between  predictions  and  measurements  vary  with  time-of-day,  season  and  path  range  with  a 
greater  tendency  for  the  predicted  intensities  to  exceed  those  which  are  measured  by  night  and  in  tin- 
winter,  also  tor  discrepancies  to  be  greater  on  the  longer  paths.  However  the  dependences  are  not  large 
by  comparison  with  the  scatter  in  the  results.  Figure  li  shows  a combined  histogram  ol  differences  for 
all  hours,  frequencies,  months  and  circuits  grouped  together.  The  median  discrepancy  corresponds  to  a 
predicted  tield  strength  3 dB  greater  than  measured.  90%  of  the  discrepancies  are  less  than  20  dB. 

2. 2.2.2  Second  CCIR  procedure 

The  second  procedure  Incorporates  many  features  unchanged  from  the  lirst  procedure  and  others 
which  differ  only  In  detail.  The  principal  changes  arise  in  the  form  of  the  ionospheric  model  adopted  and 
in  aspects  of  the  raypath  determination,  with  the  inclusion  of  focusing  estimates  and  in  the  allowances 
tor  ionospheric  absorption,  polari sation-coupl ing  loss,  sporadic-E  reflection  and  obscuration  losses  and 
above- the-MUF  losses.  These  are  described  below.  The  excess- system  loss  concept  is  not  retained. 

The  model  height  distribution  of  electron  concentration  is  illustrated  for  comparison  in  Figure 
10.  As  with  the  first  method  the  E-  and  F2-  regions  have  a parabolic  form,  but  at  intermediate  (Fl-region) 
heights  there  Is  a linear  increase  of  electron  concentration  rather  than  a void.  The  frequency  I < at  which 
the  linear  and  parabolic  segments  meet  is  set  as  1.7  foE.  Tests  have  shown  that  this  model  provides  an 
improved  fit  to  measured  ionospheric  data.  Agreement  with  results  of  true-helght  analysis  applied  to  sample 
measured  ionograms  is  shown  in  Figure  12.  Again  the  model  is  completely  specified  in  terms  of  the  standard 
ionospheric  characteristics  which  are  predicted,  but  it  is  to  be  noted  that  for  a given  set  of  values  of 
these  characteristics,  the  inclusion  of  finite  Fl-region  ionisation  leads  to  a lowering  in  height  of  the 
F2- layer  segment.  The  equations  adopted  for  hmF2  and  ymF2  are  : 

1490 

(1)  hmF2  ! m(~ooTf'2T  ,'S  - 176  • km  - (23> 
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or  1.7,  whichrvor  Is  the  larjter 


ymF2  * hmF2  - h’F,F2  + Ah’  , km 


„ \0-86 

- 104) 


h’F,F2  is  the  minimum  virtual  height  of  reflection  from  the  F2-layer.  During  the  night  it  is  equal  to 
h*F.  A numerical  representation  of  h’F,F2  is  available.  ymF2  has  a pre-set  minimum  value  of  35  km  and  a 
maximum  value  of  (hmF 2 - hmE). 


For  the  determination  of  raypaths  a somewhat  complicated  method  of  iteration  is  incorporated  in 
which  the  Ionospheric  model  is  generated  repeatedly  at  different  locations  along  the  great  circle  between 
transmitter  and  receiver.  Mid-hop  position  models  are  thereby  derived  and  these  differ  tor  each  hop.  As 
in  the  first  procedure,  mirror  reflection  Is  assumed  to  occur  I rom  a height  equal  to  the  virtual  height 
at  an  equivalent  frequency  for  propagation  at  vertical  incidence.  This  virtual  height  is  readily  given 
by  analytical  equations^*.  A separate  reflection  height  is  evaluated  for  each  hop. 
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On*  particular  Iraturr  ol  Ihr  procedure  t.  that  longitudinal  iouieatlon  tilt,  can  be  taken  into 
account  aa  an  option  using  empirical  aquations  relating  the  change  in  virtual  height  along  the  path  to  an 
equivalent  plane  mirror  tilt  . With  taken  aa  positive  in  the  sense  Illustrated  in  Figure  13,  then 
tor  an  upgotng  raypath  ot  elevation  angle  A*  , the  ilowncomlug  raypath  elevation  angle  is 


A , 


A1  - 
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Plan?  mirror  till*  ol  1°  o r las*  are  commonplace.  Their  influence  on  the  ground- range  span  ol  a single- 
hop  mode  reflected  from  a height  o!  ISO  km  I*  illustrated  in  Figure  14.  Tilt  effects  become  significant 
tor  elevation  angle*  less  than  abo  it  M)°  l.e.  at  ground  range*  in  excess  of  10(H)  km.  In  particular, 
positive  tilt*  cause  rav*  launched  at  low  angles  to  attain  a perigee,  rather  than  return  to  the  ground 
after  ionospheric  reflection.  Clearly  the  inclusion  ot  tilts  in  the  prediction  model  i*  important,  but 
untortunatel v it  is  not  certain  whether  the  tilts  indicated  t rom  the  numerical  representations  ot  the 
ionospheric  characteristics  -.e  Itkelv  to  be  meaningful  on  average.  Studies  have  shown^  that  the  principal 
region  ot  ray  retraction  extends  typically  over  some  100-400  km  depending  on  path  obliquity,  and  that  the 
scale  site  ot  the  gradients  given  from  the  numerical  maps  greatly  exceeds  these  values.  This  means  that 
even  it  the  predictions  are  generally  accurate  over  a large  distance,  the  Indicated  ttlt  in  the  region  ot 
ray  retraction  inav  he  ot  the  wrong  sense  (see  Figure  IS). 


Spatial  attenuation  is  that  occurring  In  tree  space,  together  with  a convergence  correction.  Kay- 
path  convergence  focusing  is  allowed  for  by  means  of  empirical  equations  derived  from  raypath  calculations 
tor  sample  ionospheric  conditions.  Horlson  focusing,  which  arises  principally  on  low-e leva t Ion  paths,  is 
Kl  van  separately  tor  F.  and  F-modes  as  a function  o t elevation  angle.  It  is  taken  as  having  a maximum 
value  determined  by  ionospheric  roughness  ot  d dH  (Figure  In).  Other  equations  predict  the  antipodal 
focusing  that  occurs  on  very  long  paths. 

Equations  tor  the  normal  ionospheric  absorption  arising  at  low  and  middle  latitudes  are  based 
principally  on  measured  vert  lea  1 - 1 uc 1 deuce  data  and  on  the  results  ot  ray  calculations  tor  sample  model 
iono sphe res . This  l*  in  contrast  to  the  first  prediction  method  where  oblique-path  measurements  are  used. 

It  is  to  be  noted  that  the  absorption  experienced  in  traversing  a thin  slab  of  ionisation  is  directly  pro- 
portional to  the  product  o t the  electron  concent  rat  ion,  the  collision  frequency  and  the  slab  thickness, 
and  inversely  proportional  to  the  retractive  index.  The  important  advantages  of  tills  second  procedure  are  i 

(t)  the  variation  with  frequency  includes,  through  the  multiplicative  term  <t>M  (Figure  1/),  an  allow- 

ance tor  the  change  in  height  of  reflection  amt  tor  the  different  refractive  indices  at  different 
heights;  also  for  the  way  these  depend  on  path  obliquity 

(li)  latitude  and  seasonal  variations  indicated  bv  the  measurements  are  included  independently  from 

the  diurnal  variation  (Figure  18).  in  the  first  prediction  method  position  and  time  changes  are 
combined  via  the  assumed  solar  zenith-angle  dependence 

(ill)  finite  absorption  is  predicted  at  night-time. 

Explicit  allowances  are  included  for  auroral  absorption  arising  at  high  latitudes  from  precipitating- 
particle  induced  ionisation.  The  absorption  is  taken  as  resulting  from  two  separate  sources  of  particles 
(Figure  Id).  For  each  there  is  a gaussiau  variation  with  latitude  and  time-ot-day  about  the  maximum  value. 
La1  ugl tudi nal  and  seasonal  dependences  ate  Included.  Important  solar-cycle  changes  in  the  intensities, 
positions  and  widths  o t the  auroral  absorption  zones  are  also  modelled  in  the  representat ion. 

When  an  upgolug  wave  is  incident  on  the  ionosphere  it  leads  to  the  excitation  of  an  ordinary  (0) 
and  an  ex t rao rdi na ry  (X)  wave.  These  two  waves  have  different  but  related  po 1 a ri sat  ions  which  change  as 
they  progress,  may  be  regarded  as  propagating  independently  within  the  ionosphere,  and  are  subject  to 
different  amounts  ot  absorption.  The  polarisation  ol  a wave  radiated  from  a transmitting  antenna  depends 
on  the  antenna  configuration  and  t fie  wave  direction  and  frequency;  likewise  tor  the  wave  polarisation  to 
which  a receiving  antenna  responds.  Waves  travel  through  tree  space  with  unchanged  polarisation  but  the 
I »w«*r  coupling  between  incident  or  emergent  waves  and  the  0 and  X-waves  at  the  base  o I the  ionosphere  de- 
pends on  their  relative  po lari  sat  ions.  In  the  second  prediction  method  this  coupling  is  explicitly  cal- 
culated using  the  magnetoionic  expressions  tor  wave  polarisation.  In  particular  these  require  a know- 
ledge ot  the  wave  and  Earth's  magnet Ic- f teld  directions.  The  X-wave  absorption  is  a l so  estimated  and  the 
resultant  received  power  t rom  the  0 and  X-waves  thereby  deduced. 

Improved  understanding  o t the  properties  o t sporadic-E  ionisation  now  permits  the  inclusion  ol 
allowances  tor  reflection  from  and  transmission  through  this  layer.  These  allowances  are  based  on  oblique- 
path  measurements  at  HF  and  VHF . F.s-modes  are  assumed  to  be  mirror  reflected  from  a height  ot  110  km  and 
the  resulting  ret  lection  loss  is  given  as  an  empirical  function  ot  distance,  mode  order,  and  the  ratio  of 
wave  frequency  to  toEs  (Figure  20).  Other  equations  give  the  obscuration  loss  ol  transmitted  waves  in 
terms  ot  this  ratio  and  elevation  angle.  Sporadic-K  obscuration  losses  suffered  bv  F-modes  are  calculated 
separately  tor  each  leg  of  each  hop*  The  obscuration  loss  lor  a single  traverse  o t t fie  Ks  layer,  l.q,  is 
given  as  t 

L - - 10  lo«,,.  Cl  - K2 ) , .18  (28) 

q 10 

where  K « ■ ■ * ■ ■ - (2d) 
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f is  the  wave  frequency  in  megahertz  and  i no  l s the  zenith  angle  ot  t fie  oblique  rav  at  a height  ol  110  km. 


Strong  signals  are  often  received  at  frequencies  above  the  predicted  Ml'!,  not  just  because  ol 
prediction  errors.  The  predicted  values  are  monthly  median  figures  so  that  lor  hall  the  davs  the  iono- 
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xphure  can  support  higher  I requeue  lea.  Other  reaa.nia  are  (hat  a I gull  leant  signal  com  rl  hut  tuna  arlae  via 
aldeacatter  pallia  ami  iron  aporadlc-K  modes.  It  haa  also  been  suggested  that  the  regular  K- layer  la  com- 
posed ot  aeparate  palchea  ot  loniaatlon  each  with  It  a own  MUK.  Thla  would  mean  that  the  number  ol  patchea 
aupportlng  wave  rellectlon  lalla  with  Increaae  of  frequency!  no  alngle  trequeucy  giving  aa  abrupt  cut-ott. 
A alngle  empirical  allowance  lor  theae  aeparate  ellecta  baaed  on  meaaured  data  la  Included  In  the  trana- 
lulaaton  loaa  uxpreaalou.  Thla  takes  the  form  ol  an  above-the-MUF  loaa  term  which  lucreaaea  with  In- 
creaae .»l  trequency.  It  la  0 dB  at  the  MPK  and  haa  a value  ol  20  dH  tor  a trequeucy  ol  1.4  times  the  MUF. 
The  expression  ueed  lor  l^,,  la 

Lm“  ,J0  ' ‘ ) • " <30> 


In  every  radio  system,  background  noise  is  the  limit  Ihk  factor  to  satisfactory  signal  reception. 

This  include*  almn»phei;lc  noise  t row  t bonder storms,  man-made  noise,  galactic  noise,  other  radio  transmission* 
and  receive!  noise.  At  MF  and  UK  it  la  rare  to  tind  receiver  noise  dominant  and  galactic  noise  in  usually 
onlv  important  in  quiet  location*  at  the  upper  frequencies  ot  the  HF  band.  Models  tor  eat imat i ug  atmospheric 
and  galactic  noise  were  adopted  by  the  CC1K  in  l^b  \*  * and  those  tor  man-made  noise  were  presented  in  1^74*  • 
Their  use  la  recommended*  **  • 

2.1.1  Atmospheric  noiae 

The  electromagnetic  radiation  t rom  an  eat Imat ed  1800  thunderato rms  active  throughout  the  world  on 
any  given  occasion  provides  a background  o ! atmospheric  noise.  This  may  be  specified  statistically  in 
terms  ot  parameters  which  are  descriptive  ot  its  intensity  and  time  structure.  Whilst  there  are  undoubt- 
edly some  applications  requiring  the  characterisation  ot  the  time  durations  ot  different  bursts  ot  noise 
and  ot  the  intervals  between  successive  bursts,  very  little  information  concerning  this  exists  at  present. 
Measurements  ot  atmospheric  noise  over  a period  ot  many  years  have  been  made  at  a number  oi  locations  in 
dttterenl  regions  ot  the  world.  The  most  extensive  series  ot  measurements  are  those  provided  by  the  net- 
work ot  up  to  10  stations  sponsored  since  llJ*>8  by  the  U.S.  Institute  tor  Telecommunication  Sciences.  This 
network  gives  values  ol  mean  noise  power,  mean  noise  and  in  some  cases  also  the  mean  logarithm  oi  the  noise* 
From  these  combined  parameters  it  is  possible  to  determine  empirically  the  noise  amplitude-probability 
distribution,  and  in  particular  to  assess  the  traction  ot  time  that  the  noise  exceeds  any  specified  thres- 
hold. Since  well-established  and  generally  applicable  trends  in  the  year-to-year  changes  in  atmospheric 
noise  have  not  been  found,  data  collected  prior  to  ll>t».'  have  been  grouped  without  regard  tor  solar  epoch. 
These  results  to  nit  the  basts  ot  standard  atiuo»pherlc-noi  se  models. 

CCIK  Kcport  J22  presents  geographica  1 maps  ot  median  values  ot  1 MtU  mean  noise  power  tor  each 
ot  three  seasonal  groupings  ( summer,  winter,  equinoxes)  and  tour-hourly  periods  of  the  24-hours.  An 
example  ot  one  such  map  is  given  in  Figure  21.  These  maps  have  been  produced  from  a harmonic  tit  to  the 
measured  data.  Noise  powers  are  expressed  in  temis  ot  the  noise  figure  F , defined  as 
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with  P — mean  available  receiver  power 

n r 

-23 

k **  Boltzmann's  constant  =■  1.18  *.  10  Joules  per  Kelvin 

T — reference  temperature,  taken  as  288  K 

o 

and  b • effective  receiver  noise  bandwidth,  H*. 

Hence  the  mean  noise  power  Pu  In  decibels  > l watt  is  given  as 

V - F +10  log,-  b - 204.0  02) 

n a 10 

Hy  interpo lat Ion  between  the  data  tor  the  dlilerent  seasons  and  by  combining  those  tor  the 
different  time  periods,  F-lu,  the  median  value  ot  mean  noise  power  tor  a trequency  of  1 MHt  has  been  re- 
presented numerically  by  Zachariaen  and  Jones^.  They  have  expressed  this  parameter  separately  tor  each 
month  in  units  ot  Ftf  as  a function  ot  geographic  latitude  A,  geographic  longitude  tf  and  Universal  Time  T 
by  a series  of  the  form 

K^lA,  0 , T)  • p^(A,  0)  ♦ \ i P-.j (A » 0)  «ln  IT  ♦ p^+1  (A,  0)  oos  IT*!  (}.)) 
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The  A*  a are  numerical  coet t icients,  ol  which  960  are  used  tor  each  monthly  representation. 


The  data  In  CCIR  Report  322  give  Fam  at  other  frequencies  In  terms  ot  the  values  tor  1 MHz 
(Figure  22).  Numerical  representations  ot  the  dltterent  frequency  variations  that  apply  have  been  form- 
ulated by  Lucas  and  Harper*7  i 
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where  A and  B ate  each  seventh-order  polynomials  ot  a simple  power  function  ot  the  frequency.  Separate 
sets  ot  14  coefficients  have  been  generated  tor  each  seasonal-time  period  representation. 

Day-to-day  variability  ot  mean  noise  power  about  the  seasonal-time  period  median  value  is  given 
in  terms  ot  the  upper  and  lower  decile  deviations,  Du  and  U/  respectively,  in  decibels  (Figure  23). 

Lucas  aid  Harper* ^ have  also  produced  empirical  representations  ot  these  factors  by  fitting  tilth-order 
polynomials  of  the  logarithm  ot  the  frequency  and  generating  separate  coefficients  for  each  seasonal- time 
period.  These  representations  are  interpreted  as  indicating  the  decile  deviations  from  the  monthly  median 
values  ot  hourly  mean  noise  power.  Since  the  representations  yield  values  that  generally  ditler  from  the 
noise  measurements  at  a given  frequency  and  location,  a measure  ot  the  errors  introduced  in  their  formu- 
lation is  provided  by  the  standard  deviations  of  the  differences  from  Fara,  Du  and  D^,  reterred  to  as  bpaJU. 
aDu  ttrK*  aP<'  respectively.  These  quantities  are  of  use  in  assessing  model  accuracies  and  the  likelihood 
that  an  estimated  system  performance  based  on  the  model  will  be  achieved;  they  also  have  been  represented 
by  tltth-order  polynomials  of  the  logarithm  ot  the  frequency.  Sample  data  ate  shown  in  Figure  23. 

The  noise  measurements  were  recorded  using  short  vertical  grounded-monopole  antennas  and  it  is 
assumed  that  the  above  models  formulated  from  these  data  are  also  valid  tor  other  types  ot  antenna.  Re- 
lated to  the  noise  figure  Fa  is  the  corresponding  rms  noise  field  strength  E(|.  For  a lossless  monopole 

En  " Fa  " 65,5  + 20  lo*l0  * + 10  lo«u>  b <37) 

where  E()  is  expressed  in  dB  >1pV/m,  t is  the  frequency  in  megahertz  and  b the  receiver  power  bandwidth  in 
kilohertz.  In  CCiK  Report  322  the  mean  noise  field  strength  is  expressed  as  a deviation  V^u  from  the  rms 
noise  field  strength*  v«ta  for  * bandwidth  ot  200  Hz  has  also  been  mapped  as  a function  ot  frequency  and 
time  period  (Figure  23). 

The  variation  ot  V.  ( with  bandwidth  is  illustrated  in  Figure  24.  A family  ot  reference 
cumulative  amplitude  probability  distributions  ot  the  noise  envelope  has  been  produced  and  is  shown  in 
Figure  25.  The  curves  are  normalised  to  En  and  are  parametric  in  the  value  of  V.  . Numerical  represent- 
ations ot  these  data  are  available^**.  Hence  it  is  possible  to  estimate  tor  any  location,  frequency,  time 
and  receiver  bandwidth,  the  probability  that  a specified  threshold  field  strength  will  be  exceeded. 

2.3.2  Man-made  noise 


Man-made  noise  arises  from  unintentional  radiation  from  a wide  range  ot  sources  including 
corona  discharge  t rom  power  lines,  rotating  machinery,  motor-car  ignition  systems,  neon  and  fluorescent 
lights,  hospital  therapy  equipment  and  microwave  heating  devices.  At  HF  most  man-made  noise  is  incident 
via  the  ground  wave,  but  additional  noise  is  undoubtedly  propagated  via  the  ionosphere.  Man-made  noise  is 
extremely  variable  with  location  and  time,  so  that  although  many  measurements  exist,  it  is  not  possible  to 
predict  intensities  with  great  accuracy. 


In  some  circumstances,  such  as  tor  example  with  a receiving  site  near  a busy  main  road,  or  close 
to  power  lines,  the  noise  may  be  determined  by  one  specific  source  or  type  ot  source.  In  other  circum- 
stances it  arises  as  the  composite  ettect  ot  a large  number  ot  independent  contributors.  At  present  it  is 
not  possible  to  make  a distinction  between  these  cases  in  the  modelling.  There  is,  however,  some  evidence 
of  a correlation  ot  likely  intensities  with  degree  ot  u rban i sa t ion,  and  the  CCIK  now  proposes  tour  basic 
man-made  noise  power  curves  for  business,  residential,  rural  and  quiet  rural  areas'^*  (Figure  2b).  Business 
areas  are  defined  as  the  core  centres  of  large  cities  and  residential  areas  as  the  residential  sections  of 
large  cities  as  well  as  the  suburban  areas  ot  large  population  centres.  Rural  areas  are  defined  as  small 
communities  and  farms.  The  curves  follow  the  relationship  tor  the  noise  power  Fam  i 


F = A - 27.7  log  n f 
am  "10 

where  t is  the  frequency  in  megahertz  and  A is  a constant  tor  each  curve. 


( 18) 


The  CCIR  has  not  yet  adopted 
noise.  Table  VI  gives  upper  and  lower 
different  receiver  sites  and  ranges  ot 


representative  values  of  the  day-to-day  variability  ol  man-made 
decile  values  D(|  and  D^  quoted  by  Barghauseu  et  al.*‘  tor  the 
t requeue  y • 


2.3.3  Ga lac  tic  noise 


Galactic  noise  is  noise  Incident  from  extra-terrestrial  sources.  It  includes  black-body 
•thermal*  cosmic  noise  and  solar  noise.  For  communication-system  performance  modelling  where  interest 
centres  on  broadband  characteristics,  a gradual  variation  wtLh  frequency  is  assumed  and  any  discrete 
radiation  bands  are  ignored.  Results  ot  Cottony  and  Johler2  have  been  adopted  by  the  CCIR  in  Report  322 
as  reference  values  Independent  ot  time  and  lo  ation  (Figure  22).  These  fit  the  relationship  (Lucas  and 
Haydon^O)  i 


P - - 165  - 9.555  log  I r? 
n e \ 3 


(39) 


where  Pn  is  the  mean  noise  power  in  decibels  > 1 watt  tor  a 1 Hz  bandwidth  and  t is  the  frequency  in 


*M2 

me  gahe  rts. 


V«lutta  given  by  the  above  equation  relate  to  recaption  on  a lossless  halt-wave  horizontal  dipole 
antenna  one  quart er-waveleugth  above  a perfect  ground  plane  and  In  the  absence  ol  ionospheric  screening. 
Undoubtedly  noise  powers  from  directional  antennas  will  dll  ter  t roro  these  tigures  to  some  extent  and, 
particularly  at  frequencies  below  about  10  MHs,  ionospheric  screening  ot  the  more  obliquely  incident  noise 
components  Is  to  be  expected.  In  general,  galactic  noise  is  uniformly  incident  from  all  directions  but  the 
Ionosphere  acts  as  a tiller,  permitting  only  those  components  within  a vertical  cone  to  be  transmitted. 

The  sise  ot  the  cone  Is  reduced  at  the  lower  frequencies  and  the  greater  the  ionisation  present.  deceived 
galactic  noise  therefor*,  changes  with  ionospheric  conditions,  but  in  system  planning  it  is  usual  to  base 
calculations  on  Its  unscreened  and  maximum  intensity*  Ionospheric  screening  is  likely  to  give  rise  to 
some  day-to-day  variability  of  the  received  noise.  In  CCIR  Report  3 22  it  is  proposed  that  the  figure 
Du  M D/  ■ 2 dB  should  be  adopted* 

A computer  program,  named  N01SKY,  has  been  produced  at  the  Appleton  Laboratory,  Slough  to  com- 
pute the  intensities  o!  the  different  sources  ol  noise  tor  a given  location  and  month.  Input  data  include 
a specification  ot  the  receiver  noise  power  bandwidth  and  either  the  type  ot  site  (business,  residential, 
rural  or  quiet  rural)  or  the  estimated  man-made  noise  power  at  a frequency  ot  3 MHs.  An  example  ot  the 
program  printout  is  given  in  Table  Vll.  In  addition  to  the  data  provided  as  input,  this  indicates  tor 
each  frequency  and  hour  the  monthly  median  values  ot  mean  power  arising  from  atmospheric  ATM,  man-made 
MAN  and  galactic  UAL  sources  (expressed  In  dB  > KTb)  together  with  their  resultant,  RES.  Also  quoted 
are  the  resultant  power  in  dB  > 1 watt  within  the  receiver  bandwidth  and  the  corresponding  tins  field 
strength,  RES  DBU  In  dB  > 1 pV/oi. 

System  per to  nuance  at  HE 

The  type  and  quantity  ot  lntonnatlon  to  be  conveyed  over  a proposed  radio  circuit  detennlne  the 
modulation  system  and  necessary  receiver  bandwidth.  The  next  step  in  the  circuit  design  is  to  specify  the 
wanted  signal /noi se  power  ratio  at  the  receiver.  Reference  minimum  signal /noise  ratios  judged  to  give 
satisfactory  reception  tor  different  services  are  available^. 

So  tar,  attention  has  been  paid  principally  to  monthly  median  conditions  and  ways  have  been  des- 
cribed of  estimating  monthly  median  signal /noise  ratio.  At  present  there  are  no  accepted  CC1K  procedures 
tor  syst em-per to  nuance  determination  but  a number  ot  schemes  originally  developed  in  the  U.S.A.  are  now 
In  widespread  use.  An  important  monthly  median  system  performance  parameter  is  the  LUF  or  lowest  usable 
frequency.  Since  In  general  at  HF  signal  intensity  falls  with  reduction  ot  frequency,  principally  be- 
cause of  the  greater  ionospheric  absorption,  and  because  this  change  is  more  rapid  than  tor  the  noise, 
signal /noise  ratio  is  reduced  at  the  lower  frequencies.  The  LUF  is  the  lowest  frequency  tor  which  the 
monthly  median  signal/noise  ratio  equals  that  which  Is  wanted.  The  LUF  may  be  specified  (or  a particular 
propagation  mode,  or  for  the  circuit  as  a whole  via  any  inode. 

Two  other  important  parameters  that  have  been  introduced  to  quantity  system  performance  by  taking 
account  statistically  ot  day-to-day  variations  are  the  reliability  and  the  service  probabi 1 i t y • Again 
these  may  relate  to  a single  mode  or  to  the  circuit  as  a whole.  The  reliability  ot  a mode  is  defined  as  the 
probability  that  (his  mode  shall  be  present  and  that  its  signal/noise  power  ratio  equals  or  exceeds  the 
wanted  value.  Means  ot  evaluation  of  the  availability  have  already  been  discussed  in  Section  2.2.1.  The 
day-to-day  distribution  ot  signal/noise  ratio  is  estimated  similarly  from  the  monthly  median  signal/noise 
ratio  by  combining  the  day-to-day  variabilities  ot  the  signals  and  noise,  assuming  these  to  be  uncorrelated, 
and  by  again  assuming  that  some  distribution  such  as  the  chi-square  law  holds.  Thereby  the  probability 
that  a specified  slgnal/nolse  ratio  will  be  equalled  or  exceeded  is  given.  On  the  assumption  that  the  day- 
to-day  ionospheric  changes  influencing  inode  support  are  not  correlated  with  those  giving  rise  to  changes 
in  slgnal/nolse  ratio,  the  inode  reliability  is  then  taken  as  the  product  of  the  mode  availability  and  the 
probability  that  the  mode  provides  a specified  slgnal/nolse  ratio.  Whilst  undoubtedly  there  is  some 
correlation  between  dally  variations  of  the  ionospheric  support  ot  different  inodes,  and  likewise  in  their 
relative  signal  strengths,  a means  ot  allowing  tor  this  has  yet  to  be  found. 

Table  Vlll  shows  examples  of  the  range  ot  combined  circuit  availabilities  tor  two  modes  with 
separate  availabilities  Qj  and  and  different  degrees  ot  correlation.  When  the  modes  are  uncorrelated 
the  availability  is  Q given  as 

Q - 1 - (1  - Qj)  (1  - Q2)  CW> 

There  are  difficulties  In  deriving  a single  value  tor  the  circuit  availability  because  this  requires 
both  the  specification  and  evaluation  ot  some  parameter  indicative  of  the  correlation  between  the  modes 
and  also  a means  ot  determining  the  day-to-day  spatial  variability  ot  the  ionosphere  at  the  separate  mode 
reflection  positions.  At  present  it  is  usual  to  take  the  circuit  availability  as  equal  to  the  largest  ot 
the  separate  mode  a va i l ah t li t t ea , and  likewise  for  the  reliabilities. 

Since  reliability  is  the  product  of  the  availability  which  tails  with  increase  ot  frequency  and 
the  probability  of  achieving  a required  slgnal/nolse  power  ratio  which  Is  greater  the  higher  the  frequency, 
there  is  some  frequency  for  which  the  reliability  is  a maximum.  This  frequency  may  be  regarded  as  an 

alternative  best  frequency  to  the  OWF  as  already  defined.  However,  unlike  the  OWF,  it  is  to  be  noted  that 

the  frequency  of  greatest  reliability  is  system  sensitive  and  is  lowered  the  greater  the  transmitter 
power  or  the  less  the  required  slgnal/nolse  power  ratio. 

Table  IX  is  an  example  ol  a computer  printout  from  the  program  HFMUFES  3 developed  by  the 
Institute  for  Telecommunication  Sciences,  Boulder,  which  Includes  the  estimation  of  circuit  reliability. 
Input  data  are  similar  to  those  from  program  R1M1A  (see  Section  2. 2. 2.1)  except  that  a required  signal/ 

noise  mean  power  must  be  sped!  led.  For  each  frequency  there  are  tabulated  t 

MODE  - propagation  mode  with  the  greatest  reliability 

ANGLE  - elevation  angle  (degrees)  ot  the  mode  with  the  greatest  reliability 
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Availability  ot  the  mode  with  the  greatest  availability 

n»»  sky-wave  field  strength  (dB  > 1 PV/m)  ot  the  mode  with  the  greatest  reliability 
monthly  median  signal /noise  mean  power  ratio  in  1 Hz  bandwidth  (dB)  for  the  signal 
mode  with  the  greatest  available  receiver  power,  when  present 

product  ot  the  availability  of  the  mode  with  the  greatest  availability  and  the 
probability  that  the  mode  with  the  greatest  available  receiver  power  when  present 
provides  a monthly  median  signal /noise  mean  power  ratio  exceeding  thaL  required. 


An  alternative  definition  ot  LUF  used  in  HFMUFES  3 is  the  lowest  frequency  giving  a specified 
required  reliability  rather  than  a specified  signal /noise  ratio.  Table  X shows  a second  printout  from 
this  program  ot  FOT  and  UJF  formulated  as  i 


FOT  - highest  frequency  with  an  availability  of  0.9 

LUF  - lowest  frequency  for  which  the  monthly  median  signal /noise  moan  power  ratio  tor  the 

signal  mode  with  the  greatest  available  receiver  power  when  present  exceeds  that 
required  tor  the  fraction  ot  occasions  defined  on  input  as  the  required  circuit 
rel iabi l i ty. 

All  parameters  used  in  the  reliability  predictions  are  somewhat  uncertain,  and  a standard  error 
may  be  ascribed  to  each.  The  terms  involved  include  the  uncertainty  in  the  predictions  ot  the  monthly 
median  noise  and  signal  powers,  and  of  the  standard  deviations  of  the  noise  and  signal  day-to-day  vari- 
ations. The  total  uncertainty  variance,  found  by  adding  the  appropriate  individual  uncertainty  variances 
may  be  used  to  define  an  uncertainty  distribution  giving  the  probability  that  a required  reliability  is 
achieved.  This  is  known  as  the  service  probability.  Table  XI  from  program  HFMUFES  3 is  similar  to 
Table  IX,  except  that  in  place  ot  REL  there  is  S.  PROB  - probability  that  the  required  circuit  reliability 
will  be  achieved. 


So  tar,  the  concern  has  been  entirely  with  system-performance  parameters  depending  on  signal 
and  noise  intensities.  Mention  should  also  be  made  ot  signal  multipath  distortion.  By  combining  pre- 
dictions tor  different  modes,  the  probability  ot  multipath  can  be  estimated.  Multipath  is  defined  as 
existing  when  two  or  more  modes  are  jointly  present  having  a difference  in  signal  powers  ot  less  than 
some  specified  amount  and  a difference  in  group-path  times  exceeding  a given  figure.  Predictions  ot  multi- 
path  involve  a simple  extension  ot  the  procedures  described. 

Multipath  is  indicated  in  the  sample  printout  from  HFMUFES  3.  Other  computer  programs  providing 
estimates  of  system-pe rf o rmauce  parameters  include  HFMUFES  4 and  IONCAP  (Institute  tor  Telecommunication 
Sciences,  Boulder)  and  APPLAB  2 (Appleton  Laboratory,  Slough).  In  this  last  program,  multipath  consider- 
ations include  an  allowance  for  the  high-angle  ray  present  at  frequencies  close  to  the  MUF. 

The  excess  group  path  ot  the  high-angle  ray  relatives  to  the  low-angle  ray  (AP)  depends  on  the 
ratio  of  the  wave  frequency  (t)  to  the  mode  MUF  (t  ) and  on  the  hop  ground  range  (dj),  except  that  this 
excess  reaches  a minimum  tor  hop  ground  ranges  of  *000-2500  km  and  there  is  little  change  out  to  the 
limiting  distance  for  a single-hop  mode.  With  AP  and  d^  in  kilometres  : 


.,-a^o/TTTr  <«) 

* m 

tor  dj  % 1500  km.  At  greater  ranges,  values  tor  dj  * 1500  km  apply  approximately.  The  excess  attenuation 
of  the  high-angle  ray,  relative  to  that  of  the  corresponding  low-angle  ray,  AL,  is  taken  as 

AL  - 0.1  AP  (42) 

where  AL  is  expressed  in  decibels  and  AP  in  kilometres. 

3.  SHORT-TERM  SIGNAL  PROPAGATION  MODELS  AT  HF 


Short-term  models  for  frequency  management  are  directed  towards  assessing  the  best  frequency  to  use 
with  an  existing  system  in  the  light  of  the  prevailing  ionospheric  conditions  ot  the  time.  Therefore  the 
requirement  Is  to  use  system-performance  predictions  ot  the  form  already  described,  but  with  the  forecast 
Ionosphere  replaced  by  a more  accurate  representation.  King  and  Slater  , aitd  Rush  et  al.  J have  studied 
the  day-to-day  variability  of  dl i ferent  ionospheric  characteristics.  They  conclude  that  the  greatest 
fractional  variations  in  the  F.  and  F regions  arise  in  foF2.  Therefore  a useful  improvement  in  modelling 
capability  would  be  achieved  if  it  were  possible  to  use  near  real-time  values  ot  toF2  and  to  retain  monthly- 
median  estimates  of  the  other  ionospheric  characteristics.  Hence  effort  has  centred  on  deducing  foF2. 
Although  forecasts  can  sometimes  be  made  of  solar-disturbance  effects  leading  to  enhanced  D-reglon  ioni- 
sation, models  ot  dally  absorption  are  not  feasible  at  the  present  time. 


Procedures  involving  vertical-incidence  sounders  at  one  of  the  path  terminals  to  measure  foF2  directly 
have  only  limited  use  because  from  such  measurements  it  is  possible  to  inter  values  at  other  locations 
separated  only  by  short  distances.  Rush  and  Miller***1  have  shown  that  at  mid- lati tudes  the  correlation  ot 
daily  departures  of  foF2  from  the  monthly  median  values  at  different  point  separations  depends  markedly 
on  path  orientation,  tlme-of-day  and  season.  The  correlation  at  a fixed  Universal  Time  extends  over  a 
greater  distance  in  the  E-W  direction  than  for  N-S  paths,  despite  the  change  in  local  time  along  the  paths 
in  the  former  case.  Typically  the  correlation  falls  to  a value  of  0.7  in  a distance  ot  about  2000  km  tor 
F.-W  paths  and  1000  km  for  N-S  paths.  Suggestions  have  been  made  that  foF2  values  at  different  locations 
should  correlate  better  if  they  are  compared  at  the  same  local  time,  and  the  possibility  merits  further 
study.  This  would  mean  that  measured  data  could  be  used  to  provide  better  forecasts  of  conditions  on 
westerly  than  easterly  paths. 


1 


Oblique  forward  sounders  and  backscatter  sounders  have  hitherto  conventionally  been  used  operationally 
with  varying  but  generally  limited  success  as  direct  probes  of  propagation  conditions  in  support  of  point- 


4 14 


\ 


to-point  radio  systems.  They  can  also  be  employed  with  appropriate  processing  algorithms  to  inter  iono- 
spheric structure  as  described  in  a separate  lecture  of  this  present  series.  However  the  complexity  ot 
such  systems  and  analysis  procedures  makes  these  unattractive  as  adjuncts  to  conventional  commercial  tele- 
communications facilities. 

Two  approaches  then  remain  i to  use  past  toF2  data  or  to  tlnd  other  parameters  that  can  be  measured 
and  on  which  toF2  depends.  Rush  and  Gibbs'13  have  compared  the  accuracy  ot  forecasts  ot  daily  toF2  in 
terms  ot  observed  monthly  median  models  with  those  deduced  t rora  weighted  means  ot  the  preceding  past  days. 
Figure  27  is  an  example  from  their  published  results.  They  found  that  on  average  tor  a series  ot  locations 
and  times  the  use  of  a previous  tlve-day  period  value  gives  estimates  that  are  comparable  or  better  than 
trom  the  observed  monthly  median.  This  means  they  are  to  be  preferred  to  using  predicted  monthly  median 
figures.  Nevertheless  they  conclude  that  an  uncertainty  ot  the  order  ot  0.5  MH*  exists  at  all  times  and 
that  when  attempts  are  made  to  ext rapolate  results  to  remote  locations  where  measured  data  are  not  avail- 
able, errors  are  likely  to  be  prohibitive. 

Interest  centres  on  the  identification  of  precursors  ot  solar  disturbances  responsible  tor  changes 
in  the  ionosphere  and  in  the  Earth's  magnetic  field.  A review  ot  solar- terrestrial  relations  and  short- 
term ionospheric  forecasting  has  been  presented  by  Cook  and  McCue  • Optical,  X-ray  and  radio  emissions 
trom  the  sun  are  observed  daily  at  a number  ot  ground-based  sites  and  also  aboard  satellites.  Ionospheric 
disturbances  following  solar  tlares  occur  either  in  close  time  succession  and  last  tor  several  hours,  or 
begin  24-36  hours  later  and  last  for  several  days.  The  former  arise  trom  enhanced  X-ray,  ultraviolet  and 
high-energy  particle  radiation,  while  the  latter  are  associated  with  lower-energy  particles. 

Various  attempts  have  been  made  to  correlate  daily  toF2  values  with  indices  ot  solar  and  magnetic 
activity.  The  10.7  cm  solar  flux  and  the  extreme  ultraviolet  t lux  producing  the  ionosphere  are  well 
correlated,  so  that  monthly  median  toF2  varies  in  a systematic  manner  with  monthly  median  tlux.  McNamara'1 
has  compared  daily  tlux  and  toF2  values.  He  finds  that  during  magnet ical ly  quiet  periods  daily  and  60-day 
average  flux  values  are  equally  good  in  predicting  hourly  toF2  a day  ahead. 

Barghausen  et  al.*?  extended  their  long-term  prediction  procedure  by  Including  models  tor  the  re- 
gression of  foF2  with  planetary  magnetic  activity  index  Kp.  Different  reference  regression  relat lonshi pa 
have  been  generated  as  a function  of  raidpath  geomagnetic  latitude,  local  time,  season  and  smoothed  sunspot 
number.  Unfortunately,  however,  the  operational  use  ot  the  procedure  with  Kp  approximated  by  the  local 
magnetic-activity  index  K has  proved  ot  only  limited  success.  Eccles  and  King  (private  communication) 
have  shown  that  dally  toF2  for  Lindau  correlates  better  with  Kp  it  a time  lag  is  introduced  between  the 
magnetic  change  and  the  ionospheric  response.  Figure  28  shows  examples  in  which  the  correlation  coefficient 
was  - 0.2  and  - 0.1  without  a lag,  but  became  around  - 0.7  for  a lag  of  24-36  hours.  The  improvement  in  the 
dependence  ot  the  dally  toF2  values  on  Kp  when  the  optimum  lag  is  used  is  illustrated  in  Figure  2d.  Whilst 
there  are  clearly  difficulties  in  deriving  the  morphology  of  the  optimum  time  lag,  the  approach  appears 
promising  and  to  merit  further  study. 

4.  CONCLUSIONS 

The  current  state-ot-the  art  in  long-term  models  tor  sky-wave  si gna 1 - st rength  estimation  at  MF  and 
HF,  noise  and  system-performance  assessment  is  reviewed.  Areas  where  additional  work  is  needed  are 
mentioned  and  it  is  evident  that  further  changes  to  the  models  are  likely  to  be  proposed  in  the  future. 

These  may  well  concentrate  on  model  slmpl 1 t lcations  rather  than  improvements  in  accuracy. 

The  position  regarding  short-term  models  ot  HF  sky-wave  propagation  is  discussed  with  regard  to  methods 
ot  estimating  the  ionospheric  characteristic  toF2.  Further  studies  are  called  tor  and  these  should  be 
directed  towards  the  formulation  ot  new  procedures  which,  even  it  not  yielding  quantitatively  accurate 
estimates,  may  prove  of  value  in  disturbance  forecasting.  For  some  practical  radio  systems,  however,  the 
development  of  improved  operational  channel-sounding  procedures  may  be  a more  attractive  line  to  pursue. 
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Figure  1 Comparison  of  measured  and  predicted  annual  median  night-time  MF 
sky-wave  field  strengths,  Eq  (from  CCIR  Recoimnendatlon  435-3) 
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Figure  fr  Diurnal  loss  factor  (from  CCIR  Recommemla t ion  435-3) 
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figure  Zones  of  precipitating  auroral  electrons  as  a function  of 

corrected  geomagnetic  latitude  and  time 
(from  Hartc  and  Brice-58) 
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Ftaure  21  Fam,  expected  atmospheric  noise  mean  power  at  1 NH*  in  summer 
at  12-16  h local  time,  dB  above  KT0b  where  T0  is  the  reterence 
temperature  o(  288  K (from  CC1R  Report  322) 
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Figure  23  Parameters  of  atmospheric  noise  envelope  in  summer  at 

12-lfc  h local  time  (from  CCIR  Report  322) 
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am  mapped  Fam 

Op  = standard  deviation  of  differences  of  measurements  from 
u mapped  Du 

= standard  deviation  of  differences  of  measurements  from 
mapped 

vdm  58  deviation  of  mean  from  rms  noise  field  strength 
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vdw  *or  wider  bandwidth  bw  i s given  in  terms  of  Vdn  for 
narrower  bandwidth  bn 
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CORRELATIC 


LAG  (HOURS) 


Correlation  coefficient  between  daily  foF2  for  Lindau  and 
planetary  magnetic  activity  index  Kp  for  different  time 
lags  (from  Eccies  and  King) 
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19  0 

19 

0 

19  0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

19 

0 

2 

14 

0 

13 

4 

13  9 

13  9 

13.9 

11 

9 

13  9 

t» 

9 

13 

9 

13 

9 

13 

9 

1 3 

9 

13 

9 

13 

9 

13 

9 

1 3 

9 

1 3 

9 

0 

10 

0 

10 

0 

10  0 

to  0 

10  0 

10 

0 

10.0 

0 

10 

0 

10 

0 

10 

0 

10 

0 

to 

0 

10 

0 

10 

0 

10 

0 

10 

0 

2 

4 

5 

6 

8 

10 

1, 

14 

16 

18 

20 

22 

24 

2k 

2k 

t RfaulNCUs  IN  Ml  GAHtRIZ 


Table  IV  Antenna-gain  tabulation  (program  R1M1A) 


Olfifd 

30  00 
30 

10  0 
10  0 
10  0 
10  0 
10  0 
10  0 
10  0 
10  0 
10  0 
8.3 
6 5 £ 
S.2  l 

4 b £ 

4 9 V 

6 5 A 
* 8 1 
9 4 l 
^ 1 0 
1 8 N 

5 1 

7 4 A 

8 8 N 
9.5  G 

9 3 l 
8 1 E 
5.7 
13  I 
7 4 N 

10.0 
MO 
10  0 f 
2.1  G 
5 3 R 
*♦  0 E 
10  «•  1 
*.7  5 
4 5 
1 1 
12  0 
17  3 
20.1 
21  2 
21  0 
!•»  0 
1?  9 
10  0 
30 
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l 

JUNE  1979  SUNSPOT  NUMBER  143  0 

LONDON  TO  BOULDER  AZIMUTHS  MILES  KM 


SI  SON  - O.t/W  40  03N  105  2W  306.97  40. SI  46  79.1  7530  0 

MINIMUM  ANGLE  0 0 DEGREES  POWER  100  OOKW  REQ  S1G . 10S  0 D0W 


FREQUENCY 

RANGE  ANTENNA  TYPE 

NR  HEIGHT 

LENGTH 

ANGLE 

OFFA7IM 

CONDUCT 

2 0 TO 

30.0  CURTAIN 

b 1.000 

0.500 

4.000 

b 971 

0 010 

2 .0  TO 

30.0  VERTICAL 

2 0.000 

2.500 

0 000 

0 000 

0.010 

FREQUENCIES  IN 

MHZ 

UT 

MUF  2.0  3.0  5.0 

7.5  10  0 12.5  IS 

0 17  5 

20  0 25 

.0  30.0 

04  17.2 

2F 

4E 

S F 

3F 

3F 

3F 

3F 

2F 

2F 

2F 

MODE 

4 9 

1.3 

20  5 

9 .r 

9.0 

9.2 

10.0 

2.4 

4 9 

4.9 

ANGLE 

26.7 

25  4 

28  1 

26.6 

26.5 

26.6 

2b  8 

26.2 

26.7 

2b.  7 

or  L A Y 

463 

92 

313 

315 

322 

335 

357 

3b9 

463 

463 

VIRT  HT 

.50 

.99 

.99 

99 

.99 

.95 

.80 

.78 

45 

10 

F DAYS 

141 

205 

174 

149 

145 

143 

141 

145 

141 

141 

- LOSS  DB 

49 

32 

3 

32 

40 

43 

44 

46 

49 

49 

DBU 

91 

155 

124 

-99 

-95 

93 

91 

-95 

-91 

-91 

S1G.D8N 

.92 

. 0 

. 0 

.75 

.85 

.90 

.92 

86 

92 

.92 

- F.  SIG 

.46 

. 0 

. 0 

.75 

85 

.85 

74 

.67 

.42 

. 9 

DEP. 

08  14.6 

2F 

6F 

4F 

2F 

3F 

3F 

3K 

2F 

2F 

MODE 

5.3 

23.9 

14.3 

2.2 

8.1 

9.1 

6.8 

5.3 

5.3  - 

ANGLE 

26.7 

28.7 

27.0 

25  9 

26  4 

26.6 

26.3 

26.7 

26.7 

- DELAY 

478 

287 

289 

291 

30  7 

335 

37  2 

478 

4 78 

VIRT  HT 

.50 

.99 

.99 

.99 

97 

85 

.66 

44 

8 

f I'AY', 

149 

297 

252 

189 

172 

160 

156 

148 

146 

LOSS  OB 

40 

124 

•75 

8 

12 

26 

32 

41 

43 

- DBU 

99 

247 

202 

139 

122 

no 

-106 

98 

•96 

SIG. DEW 

.70 

. 0 

. 0 

. 0 

1 

.31 

.48 

-71 

.75 

- F . SIG 

.35 

. 0 

. 0 

. 0 

. 1 

.27 

32 

.31 

. 6 

DEP  . 

12  16.0 
2F 

4E 

4E 

7F 

5F 

3F 

3F 

2F 

2F 

2F 

MODE 

6.1 

1.2 

1.2 

27  4 

20.9 

9.0 

10  8 

3.7 

6.1 

6.1 

ANGLE 

26  9 

25.4 

25  4 

29.5 

28  2 

266 

26  8 

26.3 

26  8 

26.8 

DELAY 

481 

90 

91 

281 

333 

309 

358 

373 

481 

481 

- VIRT  HT 

.SO 

99 

.99 

.96 

86 

89 

.62 

.63 

.33 

.11 

- F . DAYS 

153 

705 

560 

324 

232 

185 

169 

161 

151 

148 

LOSS  OB 

35 

532 

383 

-143 

48 

0 

16 

30 

38 

41 

DBU 

-103 

-655 

510 

-274 

182 

135 

119 

111 

-101 

98 

- SIG  DBW 

58 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

.20 

.66 

.74 

F.  SIG 

.29 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

13 

.22 

. 8 

DEP  . 

16  19  0 

2F 

4E 

4E 

4E 

6F 

5f 

4F 

3F 

2F 

2F 

- MODE 

7.6 

1 .2 

1 .2 

1 .2 

26.6 

25.1 

19. S 

13.8 

7.6 

7,6 

ANGIE 

26.9 

25.4 

25  4 

25.4 

29.5 

29  4 

28.2 

27.4 

26.9 

26.9 

delay 

481 

90 

90 

91 

321 

399 

399 

417 

481 

481 

VIRT  HT 

SO 

99 

.99 

.99 

.89 

.66 

48 

47 

.54 

.24 

F.  DAYS 

1SS 

926 

725 

485 

279 

219 

196 

173 

155 

152 

LOSS  DB 

33 

-753 

548 

304 

95 

-36 

12 

12 

32 

36 

DBU 

-105 

8 76 

675 

435 

229 

- 169 

146 

123 

105 

102 

SIG  DBW 

.SI 

. 0 

. 0 

0 

. 0 

. 0 

. 0 

. 0 

.48 

.61 

- F.  SIG 

.25 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

.26 

.14 

DEP. 

20  19  8 

2F 

4E 

4E 

6F 

4F 

3F 

3F 

3F 

3X 

2F 

MODE 

5.8 

1 .2 

I .2 

22  8 

13.6 

8.4 

8.3 

9.5 

7.4 

5.8 

ANGLE 

26.8 

2S.4 

25.4 

28.3 

26.8 

26.3 

26  4 

266 

26  4 

26.  B 

DELAY 

487 

90 

91 

261 

270 

279 

294 

336 

380 

487 

- VIRT  HT 

.50 

99 

.99 

.99 

.99 

.99 

.94 

.72 

.59 

48 

- F.  DAYS 

151 

716 

568 

316 

2 37 

191 

175 

164 

160 

151 

- LOSS  DB 

38 

-542 

-392 

134 

-53 

s 

12 

22 

27 

38 

- D8U 

-101 

666 

-518 

-2  66 

-187 

141 

- 125 

-114 

-110 

-101 

- SIG. DEW 

62 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

.12 

.29 

.62 

F.  SIG 

.31 

. 0 

. 0 

. 0 

. 0 

. 0 

. 0 

. 9 

.17 

.30  - 

DEP 

24  19.5 

2F 

4E 

5F 

3F 

3F 

3F 

3F 

3F 

2F 

2F 

- MODE 

5.1 

1 .3 

20.2 

9.3 

8.1 

8.1 

8.7 

100 

2.4 

S.l 

ANGlf 

26. 7 

25.  A 

27  .9 

26.4 

26  4 

26.4 

26.5 

26.8 

26.2 

26.7 

DEI  AY 

4 72 

92 

2 86 

289 

295 

306 

324 

359 

369 

47  2 

VIRT  HT 

.SO 

99 

.99 

.99 

.99 

.99 

94 

.70 

.73 

.43 

F . DAYS 

] 44 

346 

23S 

183 

166 

156 

150 

147 

149 

144 

LOSS  DB 

46 

-173 

-58 

-2 

19 

30 

36 

39 

43 

46 

OBU 

-94 

296 

- 185 

-133 

116 

106 

IOC 

97 

-99 

-94 

S1G.DBW 

.76 

. 0 

. 0 

. 0 

. 3 

.45 

.64 

.71 

.66 

.76 

- F SIG 

.38 

. 0 

. 0 

. 0 

. 3 

.45 

.60 

.SO 

.49 

.33 

DEP. 

Table  V Signal  strength  computer  prediction  (program 
with  inclusion  of  antenna-gain  allowance 


DIELECI 
30  000 
30.000 


RIM1A) 
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frequency 

(MHz) 

Du  and  Ife 
(dB) 

« 10 

4 

Business 

10  - 20 

6 

» 20 

7 

* 10 

6 

Residential 

10  - 20 

9 

» 20 

12 

< 10 

10 

Rural 

10  - 20 

7 

» 20 

4 

< 10 

10 

Quiet  rural 

10  - 20 

* 20 

4 

Table  VI  Upper  and  lower  decile  values  of  the  day-to-day 
variability  of  man-made  noise,  and 


ESTIMATED  MEAN  NOISE  PCMrtRS 
BOULDER  JUNE 

40.03  N 254.73  E 


RX  POWER  BANDWIDTH 

3000  HZ 

MAN-MADE  NOISE  TYPE 

RURAL 

FREQUENCIES 

IN  MHZ 

UT 

2.0 

3.0  5.0  7.5 

10 .0  125 

15.0  17.5  20.0 

25.0 

30.0 

0000 

62.1 

56.8 

51.9 

48.6 

*5.6 

42.0 

37  8 

32.7 

27.0 

13.8 

-1  0 

ATM  DB  KTB 

58.9 

54.0 

47.9 

43.0 

39.5 

36  8 

34.6 

32  8 

31 .2 

28.5 

26.3 

MAN  DB  KTB 

42.9 

39.0 

34.1 

30.2 

27.5 

25  4 

23.6 

22.1 

20.9 

18.7 

17.0 

GAL  DB  KTB 

63.8 

58.7 

53.4 

49.7 

46.6 

433 

39.6 

36.0 

32.9 

29.1 

26  8 

RES  DB  KTB 

-105.4 

-110.5 

-115.9 

-119.6 

-122.6 

-1260 

-129.6 

-133.3 

- 1 36  4 

-140.2 

-142  4 

RES  DBW 

7.8 

6.2 

5.3 

5.1 

4.6 

3.2 

1.1 

-1.2 

•3.1 

-5.0 

-5.7 

RES  0BU 

04QQ 

71.4 

66.3 

59.4 

52.5 

46.2 

40-0 

34  0 

28.1 

22  3 

10.6 

-1.4 

ATM  DB  KTB 

58.9 

54.0 

47.9 

43.0 

39.5 

368 

34.6 

32.8 

31 .2 

28.5 

26.3 

MAN  DB  KTB 

42.9 

39.0 

34.1 

30.2 

27  5 

25.4 

23.6 

22.1 

20.9 

18.7 

17  0 

GAL  DB  KTB 

71.7 

66.5 

59.7 

53.0 

47.1 

41  .8 

37.5 

34.3 

32.0 

29.0 

26  8 

RES  DB  KTB 

-97.6 

-102.7 

-109.5 

-116.2 

-122.2 

-127.4 

-131.7 

-134.9 

-137.2 

-140.2 

-142  4 

RES  DBW 

15.7 

14.0 

ll  .6 

8.5 

5.0 

1.7 

-1.0 

-2.8 

4.0 

-5.1 

-5.7 

RES  DBU 

0800 

76.3 

70.9 

63.1 

54.6 

46.5 

38.7 

31  .3 

24.2 

17  4 

4.7 

-7  4 

ATM  DB  KTB 

58.9 

54.0 

47.9 

43.0 

39.5 

36  8 

34.6 

32  8 

31 .2 

28.5 

26  3 

MAN  DB  KTB 

42.9 

39.0 

34.1 

30.2 

27.5 

25  4 

23.6 

22.1 

20.9 

18.7 

17.0 

GAL  DB  KTB 

76.4 

71.0 

63  3 

54.9 

47.4 

41  .0 

36.5 

33.7 

31.7 

28.9 

26  8 

RES  DB  KTB 

-92.8 

98.2 

-106.0 

-114.3 

-121  .9 

-128.2 

-132.7 

-135.6 

-137.5 

-140.3 

-142.4 

RES  DBW 

20.4 

18.5 

15.2 

10.4 

5.3 

0.9 

-2.0 

-3.5 

4.3 

-5.1 

-5.7 

RES  DBU 

1200 

56.9 

53.7 

50.3 

45.9 

40.5 

34.7 

28.6 

22.6 

16.8 

5.6 

5.3 

ATM  DB  KTB 

58  9 

54.0 

47.9 

43.0 

39  5 

36  8 

34.6 

32.8 

31 .2 

28.5 

26.3 

MAN  DB  KTB 

42  .9 

39.0 

34.\ 

30.2 

27  5 

25  4 

23.6 

22.1 

20.9 

18.7 

17.0 

GAL  DB  KTB 

61.1 

57.0 

52.3 

47  8 

43.2 

39.1 

35.9 

33.5 

31.7 

29.0 

26  8 

RES  DB  KTB 

-108.2 

-112.3 

-116.9 

-121.5 

-126  0 

-130.1 

1 33  4 

-135.7 

-137.5 

-140.3 

-142  4 

RES  DBW 

5.1 

4.5 

4.3 

3.2 

t 2 

-1.0 

•2.6 

-3.7 

4.3 

-5.1 

-5.7 

RES  DBU 

16C0 

31  8 

28.2 

28.1 

30.2 

31  0 

29.9 

26.9 

22.3 

16.3 

1 .9 

14.1 

AIM  ('P  * IP 

58.9 

54.0 

47.9 

43.0 

39  5 

36  8 

34.6 

32  8 

31 .2 

28.5 

26.3 

MAN  DB  KTB 

42.9 

39.0 

34.1 

30.2 

27.5 

25  4 

23.6 

22.1 

20.9 

18.7 

17.0 

GAL  DB  KTB 

59.0 

54.1 

48.1 

43.4 

40.3 

37.9 

35.6 

33.5 

31.7 

28.9 

26  8 

RES  DP  HP 

-110.2 

-115.1 

-121.1 

-125  8 

128  9 

-131  .3 

133  .6 

135.7 

-137. S 

-140.3 

-142  4 

M MN 

3.0 

1.7 

0.0 

-1.1 

-1.7 

2.2 

-2.9 

3.7 

-4.3 

-5.1 

-5.7 

RES  DBU 

2000 

42.4 

36.6 

33.3 

33  8 

34.5 

33  9 

31 .5 

27.5 

22  0 

7.6 

-9.5 

ATM  DB  KTB 

58.9 

54.0 

47.9 

43  0 

39.5 

36.8 

34.6 

32  8 

31 .2 

28.5 

26.3 

MAN  DB  KTB 

42.9 

39.0 

34.1 

30.2 

27.5 

25  4 

23.6 

22. 1 

20.9 

18.7 

17  0 

vi a , rp  » 'P 

59.1 

54.2 

48.2 

43.7 

40.9 

38  8 

36.6 

74.2 

32  0 

29  0 

26  8 

R(  s DP  KTB 

110.2 

115.0 

121  .0 

125.6 

128.3 

130  4 

132  6 

135  0 

137.2 

140  3 

142  1 

RE  S DBW 

3.1 

1.7 

0.1 

0.9 

1.1 

-1.3 

-1  9 

3.0 

4.0 

5 1 

S 7 

Table  VII  Noise  computer  prediction  (program  NOISEY) 


2 


posi  tive 
correlation 


negative 

correlation 


.50 

.90 


• AO 
.50 


.50- 

.90- 


.70 

.95 


no 

correlation 

.70 

.95 


.70-. 90 
.95-1.00 


Table  V 1 1 1 Circuit  availability  with  two  inodes  present 
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PROPAGATION  OF  LONG  RADIO  WAVES  IN  THE  EARTH'S  ENVIRONMENT 
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Norway 


A brief  review  is  given  of  the  characteristics  of  radio  waves  with  frequencies  below  300  kHz.  First 
the  antenna  problem  is  discussed,  then  the  propagation  of  the  long  waves  in  the  waveguide  formed  by  the 
earth's  surface  and  the  lower  ionosphere  is  treated.  Some  of  the  most  important  computational  methods  avail- 
able for  predicting  phase  and  amplitude  of  long  waves  are  briefly  described.  The  penetration  of  long  waves 
into  the  sea  is  of  importance  for  submerged  vessels,  and  the  physical  principles  of.  such  penetration  will 
be  given  some  attention.  At  present,  the  most  important  application  of  long  waves  is  probably  for  naviga- 
tion purposes.  The  major  VLF  and  LF  navigation  systems  in  use  will  be  described  and  their  accuracy  and 
limitations  discussed. 


1.  INTRODUCTION 

The  history  of  man's  practical  use  of  radio  waves  begins  with  communication  at  low  frequencies,  and 
the  existence  of  the  ionosphere  was  first  inferred  from  the  behaviour  of  low  frequency  signals  propagating 
over  long  distances.  Even  though  technical  advances  now  allows  generation  and  detection  of  coherent  elec- 
tromagnetic waves  through  the  entire  frequency  spectrum  up  to  and  including  visible  light,  the  long  radio 
waves  are  still  important,  and  their  useful  properties  are  being  exploited. 

In  this  lecture  we  shall  discuss  the  propagation  of  radio  waves  with  frequencies  below  300  kHz  and 
some  of  their  applications  for  navigation  and  communication  purposes.  This  frequency  range  is  normally 
divided  into  several  parts: 


Low  frequency  waves  (LF) 

Very  low  frequency  waves  (VLF) 
Extremely  low  frequency  waves 
Ultra  low  frequency  waves  (ULF) 


30  kHz  - 300  kHz 
3 kHz  - 30  kHz 
3 Hz  - 3 kHz 
<3  Hz 


The  waves  in  each  subrange  have  their  specific,  interesting  and  useful  properties.  For  example,  VLF 
and  ELF  waves  can  propagate  to  large  distances  with  little  attenuation  and  high  phase  stability,  and  ELF 
and  ULF  waves  penetrate  the  sea  to  appreciable  depths. 

Both  the  conducting  layers  in  the  upper  atmosphere  and  the  earth's  surface  play  decisive  roles  in  the 
propagation  of  waves  below  300  kHz,  and  we  shall  discuss  the  influence  of  these  boundaries,  both  separately 
and  taken  together  to  form  a waveguide. 


2.  ANTENNAS  AND  GROUND  WAVE  PROPAGATION 
2.1  Antennas 

Since  the  free  space  wavelengths  in  the  frequency  range  we  are  dealing  with  change  from  1 km  at 
300  kHz  to  100  000  km  at  3 Hz,  it  is  obvious  that  all  antennas  must  be  electrically  small,  that  is  with 
physical  dimensions  which  are  small  compared  to  one  wavelength.  The  design  of  antennas  in  this  frequency 
range  is  a very  difficult  problem,  both  in  theory  and  in  practice,  and  we  cannot  go  into  great  detail  here. 
The  problems  are  treated  by  Watts  (196?) . 

A useful,  simple  concept  of  an  electrically  small  antenna  is  a short  vertical  wire  with  one  end  on  a 
perfectly  conducting  flat  plane.  Figure  1.  Our  main  concern  is  the  vertical  electric  field  produced  by  such 
an  antenna  as  a function  of  distance  d along  the  earth's  surface.  This  field  can  be  expressed  as 


E*(t)  = - 


If  M(t’)dt  + + 1 M(t')~ 

(_  d3  c0d2  dt  c0d 


M(t)  = I(t)  x h 


- antenna  current 


hg  - effective  height  of  antenna 
c0  - free  space  velocity  of  light 
t'  = t-d/c 


We  note  that  the  total  field  consists  of  three  terms: 


a)  The  electrostatic  term  produced  simply  the  the  separation  of  stationary  charge  in  the  conducting  sys- 
tem, tk't  is,  the  time  integral  of  charge  times  the  effective  height 

b)  The  induction  term  produced  by  the  current  flow 


c) 


The  radiation  term  produced  by  the  time  rate  of  change  of  current 

If  we  apply  an  alternating  current  I = Iq  elut  to  the  antenna,  we  obtain 


fc^O 


l°hr  f -i  1 ifa) 

}K|  Lwd1  + c0d>  + c.’d 


e 


icut' 


(2) 


Similarly  the  tangentirl  magnetic  field  is  given  by 


We  note  that  the  electrostatic  field  decays  very  rapidly  with  distance  d,  this  term  will  only  domi- 
nate for  d/X  < 0.1.  For  d « X the  magnitude  of  the  induction  and  radiation  terms  are  equal,  and  thus  for 
distances  d > X the  radiation  field  will  dominate  and  both  the  electric  and  magnetic  fields  will  decay  as 
1/d.  This  means  that  only  the  radiation  term  need  be  considered  for  most  practical  communication  purposes 
at  LF  and  in  the  upper  part  of  the  VLF  band,  whereas  the  induction  term  will  be  important  at  ELF,  and  in 
the  lower  part  of  the  VLF  band. 


The  simple  antenna  model  we  are  considering  will  have  a polar  diagram  such  that  a wave  launched  at  an 
elevation  angle  * will  have  an  amplitude  E^,  = EQ  cos  i>,  where  EQ  is  the  "free  space  reference  field",  that 
is,  the  vertical  field  of  the  wave  launched  tangentially  along  the  conducting  plane.  The  vertical  component 
of  E^  will  be  Kz  ^ = Eq  cos^  ii  (Figure  2). 

The  power  flow  per  unit  area  from  the  antenna  is  given  by  the  Poynting  vector  Re|ExH|  = Ez  . Intro- 
ducing the  impedance  of  free  space  Z = E /H.  and  integrating  over  the  hemisphere  above  the  cinducting 

O Z . 1/  ill 

plane  at  a distance  d 


_ ^z.o 

V'  = G Z0 


(1*) 


where  G - gain  of  the  antenna  relative  to  an  isotropic  radiator 

This  gain  is  G = 3 for  our  simple  case  and  ZQ  = 120  "G. 

Introducing  these  numbers  and  putting  equal  to  the  radiation  term  in  Equation  (2.2)  we  obtain 

for  the  radiated  power  * 

Pr  = 1M60*J  (5) 

The  radiation  resistance  is 

p u 

Ro  = = 160*J  (p’  He  < 0.1  A (6) 

We  note  that  the  radiation  resistance*  and  hence  the  power  radiated  decreases  rapidly  with  increasing 
wavelength. 

Although  a short  vertical  wire  is  a useful  conceptual  model  for  a VLF-LF  transmitter  antenna,  in 
actual  practice  an  antenna  is  often  a very  complex  and  expensive  structure.  As  an  example  Figure  3 shows 
the  biggest  antenna  at  VLF  in  existence.  The  effective  height  hg  of  such  an  antenna  is  often  determined 
experimentally  by  measuring  the  electric  field  at  a distance  d m the  radiation  zone. 

Another  useful  quantity  is  the  radiation  efficiency  of  an  antenna,  defined  as 

la  = VRa  (7) 

where  Rn  = R„  ♦ R 

are 

R - antenna  loss  resistance 
e 


For  the  large  antenna  shown  in  the  figure  the  radiation  efficiency  is  70%, 
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2 . 2 Pro  and  wave  propagation 

Having  discussed  the  antenna,  our  next  step  is  to  consider  ground  wave  propagation,  that  is,  propa- 
gation in  the  absence  of  an  ionosphere.  A realistic  approach  to  this  problem  at  low  and  very  low  frequen- 
cies must  take  into  account  earth  curvature  and  the  finite  conductivity  of  soil  or  sea.  The  problem  is 
mathematically  quite  complex,  and  we  shall  not  go  into  detail,  but  only  illustrate  some  general  properties 
of  ground  wave  propagation. 

Propagation  of  radio  waves  along  the  earth's  surface  was  treated  theoretically  as  early  as  1907  by 
Tennick.  Treatments  by  Soramerfeld,  Van  der  Pol,  and  others  followed.  Norton  (1936,  1937.  19**l)  developed 
working  formula  suitable  for  numerical  computations.  To  give  an  impression  of  the  properties  of  the  waves 
we  shall  consider  some  computations  made  by  Wait  and  Howe  (1956)  for  distances  up  to  2500  km.  These  authors 
assume  a short  vertical  dipole  on  a spherical  earth  of  radius  a and  conductivity  o.  They  find  that  the 
vertical  electric  field  at  a distance  d from  the  transmitter  can  be  approximated  by 


E 


- ipco  I hr  e 

2ird 


-ikd 


[‘  d Jd’]w 


(8) 


Here  k s 2 w / \ where  X * free  space  wavelength 

o o 

k * k(l+}akf)  where  f is  a factor  that  takes  into  account  refraction  in  the  neutral 
atmosphere  (not  the  ionosphere) 

W = W(k,a,d,o)  is  a residue  series 

Figure  Ua-d  show  the  amplitude  and  phase  of  the  ground  wave  for  several  frequencies  and  ground  con- 
ductivities. We  note  that  the  attenuation  increases  with  increasing  frequency  and  decreasing  ground  con- 
ductivity, and  that  the  phase  lag  beyond  a certain  distance  increases  with  frequency  and  decreasing  con- 
ductivity. 


2 . i The  lower  ionosphere 

At  distances  beyond  a few  hundred  km  the  ground  wave  from  a LF  or  VLF  transmitter  will  no  longer 
necessarily  dominate  over  the  signal  reflected  from  the  ionosphere,  and  a knowledge  of  the  properties  of 
the  lower  ionosphere  becomes  essential  in  order  to  estimate  the  phase  and  amplitude  of  the  waves.  For  most 
practical  applications  only  the  ionosphere  below  110  km  is  of  interest  here,  but  propagation  through  the 
ionosphere  into  the  magnetosphere  is  possible  for  VLF  waves  and  will  be  mentioned  later.  The  region  be- 
tween 50  and  110  km  above  the  earth's  surface  is  a very  interesting  one,  characterised  bv  very  rapid 
changes  of  atmospheric  properties  with  height.  The  air  density  decreases  from  about  2 • 10^  cm” 3 at  50  km 
to  about  2*10^  cm”^  at  110  km.  The  temperature  decreases  with  height  from  about  259  K at  50  km  to  150  K 
at  85  km,  and  then  increases  to  300  K at  110  km.  The  electron  density,  on  the  other  hand,  increases  from 
normal  daytime  values  of  less  than  10  cm” 3 at  50  km  to  more  than  10^  cm“3  at  HO  km.  Thus  the  degree  of 
ionization  is  very  low  throughout  the  region  (:10~^5  at  50  km,  *10” 1 at  110  km)  and  collisions  between 
electrons  and  neutral  molecules  and  between  ions  and  neutrals  are  important.  The  atmosphere  below  100  km 
appears  to  be  in  a state  of  turbulent  mixing  so  that  the  relative  abundance  of  the  major  atmospheric  con- 
stituents does  not  change  with  height.  At  100  km  or  slightly  above  there  is  an  abrupt  transition  called 
the  turbopause  from  the  turbulent  regime  to  a region  where  diffusive  equilibrium  prevails,  and  each  gas 
is  distributed  with  its  own  scale  height.  The  photochemist ry  of  the  lower  ionosphere  is  very  complex  and 
characterized  by  the  important  role  played  by  some  minor  constituents  with  very  small  concentrations, 
such  as  nitric  oxide  and  water  vapour. 

The  most  important  sources  of  ionization  in  the  lower  ionosphere  are  solar  ultraviolet  radiation, 
x-rays,  and  energetic  particle  precipitation.  It  is  convenient  to  distinguish  between  the  undisturbed 
ionosphere,  characterized  by  regular  seasonal  and  diurnal  variations,  and  the  ionosphere  during  various 
kinds  of  disturbances,  caused  by  irregular  changes  in  the  flux  of  ionizing  radiation.  The  disturbed 
ionosphere  has  been  discussed  in  detail  in  a previous  lecture,  and  we  shall  only  deal  with  the  quiet 
D- region  here. 

Figure  5 shows  estimates  of  ion  production  based  on  solar  and  atmospheric  measurements  during  undis- 
turbed conditions,  and  for  two  different  solar  zenith  angles  (Thrane,  1972).  We  note  that  the  picture  is 
fairly  complex.  In  the  upper  part  solar  ultraviolet  (102,5  nm,  97.7  nm)  and  x-rays  (0.U  - lL.O  nm)  ionize 
all  atmospheric  constituents.  At  lower  heights,  the  solar  radiation  of  121.6  nm  very  efficiently  ionizes 
a minor  constituent  NO  to  produce  an  appreciable  ion  density.  At  the  very  lowest  part  of  the  region  cos- 
mic rays,  that  is,  extremely  energetic  particles  from  the  galaxy,  give  a small  but  stable  contribution  to 
the  ion  production.  We  also  note  the  important  changes  caused  by  changes  in  solar  elevation.  During  an 
undisturbed  night  there  is  a very  small  remnant  of  ion  production  caused  by  scattered  light,  and  of  course, 
by  cosmic  rays. 

The  primary  ions  that  are  produced  are  Op,  No  and  also  NO*.  Through  a charge  transfer  N2  will  rapidly 
convert  to  Op  so  that  Op  and  NO*  are  the  main  primary  ions.  In  recent  years  it  has  been  discovered  that 
the  primary  ions,  in  the  presence  of  water  vapour,  can  convert  to  complex  cluster  ions  of  the  form 

It  (H-,0)  . Electrons  can  also  attach  to  neutral  molecules  to  form  negative  ions  ( Johannessen,  1971*). 
c n 

The  ionization  balance  in  the  lower  ionosphere  can  be  described  by  a simple  continuity  equation 


dN 

dt 


q - L 


(9) 
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win? re  ^ - production 

* 1*^33  rate  of  positive  ions  with 
n Wr  ■'  I eon  lit  ion  j ■ ■(h,x)  where 

I’he  loss  term  is  given  by 


♦ 

concentration  N 

h is  the  height  tuii  \ the  solar  .’enith  angle. 


ul> 


N N"  t u,.N  V 


S' 

e 
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and  N are  the  electron  'ml  negative  ion  densiti 


N 


N 


!Uld 


and  *.  are  recombination  o. 'efficients; 
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continuity  equation  is  normally  written  in  terms 
electrons  with  their  small  mar.;?  have  greater  influence  on 
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In  a realistic  ionosphere  we  must  include  the  e f f e 
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properties.  After  penet  ra*  • f t b.e  icnc  oh.  -e  it 
to  the  opposite  hemisphere,  't.  its  way  through  the 
persion  and  a signal  pulse  from  a broadband  source 


X = 1 corresponds  to  an  electron  density  of  Ne  * 
cm  Referring  tv'  the  electron  density  profiler  \\\ 

■ ' ■ rurini 

the  whim  ler  wave,  fhis  wave  component  ha.  :;.w  peculiar 
will  be  guided  along  the  earth's  magnetic  field  line.: 

■ 

such  ns  a lightning  flash  will  arrive  at  the  opposite 


hemisphere  as  a whistling  tone  with  steadily  falling  pitch.  Unfortunately  we  shall  not  have  time  to  go 
further  into  this  matter  here. 
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It  should  be  emphasized  again  that  our  simple  discussion  of  the  Appleton-Hartree  formulae  for  the  re- 
fractive index  of  a low  frequency  wave  can  only  give  a very  rough  picture  of  what  happens  to  such  a wave 
inside  the  ionosphere.  In  practice  quite  sophisticated  methods  must  be  used  to  study  the  propagation  of 
waves  in  and  below  a medium  which  changes  significantly  within  a distance  smaller  than  a wavelength.  We 
shall  briefly  discuss  two  su  h methods  here,  the  "full  wave"  ray  theory  and  the  "mode"  theory.  The  first  of 
these  deals  with  the  problem  , f computing  the  reflection  coefficient  of  a wave  incident  upon  a horisontally 
stratified  ionosphere.  The  Field  at  a distance  from  the  transmitter  is  then  calculated  as  a sum  of  the 
ground  wave  and  waves  reflected  one  or  more  times  from  the  ionosphere  and  the  ground  (see  Figure  12). 
Experience  shows  that  this  method  is  useful  up  to  distances  of  100-1500  km.  In  this  region  only  the  ground 
wave  and  the  first  and  possibly  the  second  hop  skyvave  need  be  considered.  Beyond  1500  km  too  many  skyvaves 
must  be  added  for  the  method  to  be  practical.  The  second  method,  the  "mode"  theory,  treats  the  space  between 
the  earth  and  the  ionosphere  as  a waveguide.  It  can  be  shown  that  many  waveguide  modes  are  excited  by  the 
transmitter,  but  that  at  large  distances,  that  is  beyond  about  1000  km,  only  one  or  possibly  two  modes  need 
be  considered.  The  full  wave  ray  theory  and  the  mode  theory  are  thus  complementary,  each  has  its  range  of 
distances  and  frequencies  in  which  it  is  useful. 

Hie  two  types  of  approach  just  mentioned  will  serve  to  illustrate  the  problem,  however,  there  are  a 
number  of  ways  in  which  the  behaviour  of  long  waves  may  be  predicted  (Swanson  1977 ) . The  most  sophisticated 
methods  may  be  termed  "Full  wave  waveguide"  and  include  detailed  structure  and  inhomogeneities  in  the  iono- 
sphere as  veil  as  the  earth's  surface  ^Fappert  et  al  1967*  Clalejs  1972).  Other  methods  use  empirical  rela- 
tions between  observable  quantities,  such  as  phase  and  amplitude  as  functions  of  solar  zenith  angle  and 
time  and  space  coordinates,  to  describe  the  phenomena  without  involving  physical  parameters  (Swanson  1977). 

2.**.1  The  full  wave  solution 

The  principle  of  the  "full  wave"  theory  is  as  follows  (Pitteway  1965,  Budden  1961): 

a)  Assume  a coordinate  system  with  the  z-axis  vertical  and  the  y-axis  along  the  magnetic  meridian.  A plane 
wave  whose  wave  normal  has  direction  cosines  (1,  m,  n)  is  incident  upon  an  ionosphere  that  only  changes 
in  the  z^direction.  Combining  Maxwell's  equations  with  the  constitutive  relations  of  the  medium  it  is 
possible  to  show’  that  the  electric  and  magnetic  field  components  of  the  wave  satisfy  a set  of  differen- 
tial equations  of  the  form 

c - ikTr  (12) 

Here  e is  a column  vector 


(13) 


and  derivation  is  with  respect  to  height  z.  k is  the  wave  number  and  T is  a four  by  four  matrix  whose 
elements  contain  the  wave  direction  cosines  and  the  properties  of  the  medium,  that  is,  the  earth's  mag- 
netic field  and  the  electron  density  and  collision  frequency.  Snell's  law  is  introduced  by  writing 
3/3x  ■ -ikl  and  J/3y  = -ikm  in  all  field  quantities  so  that  time  and  horisontal  spatial  variations  are 
described  by  a factor  exp  (i^t- ik(  lx+my  )J.  Equation  (12  ^ is  equivalent  to  four  first  order  linear  diffe- 
rential equations. 

b)  Find  a solution  that  satisfies  the  differential  equations  at  some  height.  For  example  at  some  great 
height  there  are  only  upgoing  waves  since  the  energy  is  incident  from  below. 

c)  Integrate  the  equations  analytically  or  numerically  downwards  through  the  ionosphere  to  give  the  height 
variation  of  the  wave  field,  arid  form  the  solution  below  the  ionosphere. 

d)  Separate  this  solution  into  upgoing  and  downcoming  waves  and  find  the  reflection  coefficients  and 
polarizations. 

A solution  to  the  wave  equation  found  in  this  manner  is  called  a "full  wave"  solution.  Analytical 
solutions  can  only  be  found  in  a few  simple  cases,  but  with  modern  computers  numerical  solutions  can  be 
found  rapidly  by  a step  by  step  integration  for  an  ionosphere  with  an  arbitrarily  specified  height  varia- 
tion. An  example  is  shown  in  Figure  13.  For  a particular  electron  density  profile,  shown  at  the  top  of 
the  figure,  two  solutions  corresponding  to  the  two  magneto-ionic  components  have  been  found.  The  figure 
gives  a snapshot  of  the  wave  fields  at  a particular  instant.  We  note  that  one  component  has  a fairly  well 
defined  reflection  level  and  a standing  wave  pattern  produced  by  almost  equally  strong  up-  and  downgoing 
waves.  The  other  solution  has  only  a weak  downgoing  wave,  and  part  of  the  energy  is  coupled  into  the 
whistler  mode  that  penetrates  the  ionosphere. 

Another  example  of  computed  wavefields  is  shown  in  Figure  lU  and  demonstrates  the  lowering  of  the 
reflection  level  as  the  angle  of  incidence  increases.  Note  also  that  the  reflection  process  becomes  more 
and  more  gradual,  and  at  grazing  incidence  there  is  little  meaning  to  the  term  reflection  height  inside 
the  ionosphere.  This  illustrates  why  simple  ray  theory  breaks  down  for  the  long  waves. 

Now  in  order  to  find  the  total  wave  field  on  the  ground  at  a given  distance  from  a transmitter,  the 
skywave  reflected  from  the  ionosphere  must  be  combined  with  the  ground  wave,  taking  properly  into  account 
their  relative  phases.  The  correct  procedure  would  of  course  be  to  perform  a full  wave  calculation  for 
each  component  of  an  angular  spectrum  of  plane  waves  reflected  from  the  ionosphere.  However,  this  cumber- 
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some  procedure  may  be  circumvented  by  using  Fermat's  principle  to  find  the  wave  that  has  the  shortest  opti- 
cal path  from  transmitter  to  receiver,  and  then  do  a full  wave  integration  for  that  wave  only  (Bain  and  May 
196T)*  The  result  of  such  a computation  is  shown  in  Figure  15,  which  depicts  the  vertical  electric  field 
versus  distance  for  a day  time  ionospheric  model.  Skywave  and  groundwave  combine  to  produce  an  interference 
pattern  called  a Hollingworth  pattern.  Beyond  700  km  the  two  hop  skywave  should  be  included  to  give  a correct 
estimate  of  the  total  field.  The  positions  of  the  maxima  and  minima  in  the  Hollingworth  pattern  will  change 
with  the  ionospheric  model  and  measurements  of  the  positions  of  such  minima  and  maxima  may  be  used  to  deter- 
mine an  effective  reflection  height  of  the  ionospheric  layers,  although  such  a height  may  have  little  physi- 
cal significance. 

Extensions  of  the  ray  "hop”  theory  have  also  been  made  by  Johler  (1979),  Berry  and  Herman  (1971)  ana 
Bj/ntegaard  (197*0. 

2.U.2  The  mode  theory 

The  basic  principle  of  the  mode  theory  is  illustrated  in  Figure  l6  (Davies  1965,  Wait  1970)*  The  ground 
and  ionosphere  are,  as  a first  approximation,  thought  of  as  plane,  perfect  conductors  a distance  h apart  and 
a vertical  dipole  in  the  plane  z - 0 is  the  source.  An  observer  on  the  ground  a distance  from  the  source 
will  see  the  signal  arriving  from  £he  dipole  plus  a series  of  images  in  the  ground  and  the  ionosphere.  The 
signals  from  the  images  in  the  ionosphere  are  in  phase  in  the  direction  making  an  angle  B with  the  vertical 
when 


2h  cos  0 = 2h  Cn  = nX 


(ii») 


For  a given  value  of  n 


cos  (3  = cn 


n A 
2h 


where  n is  ar  integer,  the  mode  order. 

Similarly,  the  ground  images  will  add  up  at  an  angle  tt-B  and  the  composite  wwave  will  travel  parallel 
to  the  plane  2 = 0 with  a phase  velocity  c/sin  B = c/S^. 

Consider  the  wave  directed  broadside,  that  is  B = 90s",  n = 0.  We  imagine  the  wave  to  originate  in  a 
line  source  with  an  effective  uniform  current  I&.  Since  the  images  occur  as  pairs  of  dipoles  of  length  s 
and  current  I and  since  they  are  separated  by  distances  2h  we  find 


The  vertical  field  E^  from  such  a line  current  is  given  by  (Wait  i960) 

1 h 


Ez  = \ Mo  “IaH0<2>(kr)  = \ **„Wjf-H0<2>(kr) 


(16) 


(2) 

Here  HQ  (kr)  is  the  Hankel  function  of  the  second  kind  with  argument  kr.  r is  the  distance  from  the 
transmitter  along  the  ground. 

For  large  distances  equation  (16)  reduces  to  (r  >>  A) 


Ez  - WJ  l^Xr>  e e 


(IT) 


This  field  corresponds  to  the  mode  obtained  by  putting  n = 0 in  equation  (lb),  and  is  called  the  zero 
order  mode.  The  field  for  the  higher  order  modes  are  obtained  by  first  finding  the  field  from  a pair  of 
dipole  images  at  distances  2nh  above  and  below  the  ground 


Ezn  = 


2^fr-  Sn  »o(2)  0-S„) 


and  then  summing  over  all  n 


E 


z 


2h 


(18) 


(19) 


(fo=l.  („=2) 


In  the  case  r >>  X this  expression  also  reduces  to  a simple  expression. 

We  have  so  far  assumed  that  both  ground  and  ionosphere  are  perfect  conductors  with  reflections  coeffi- 
cients R = +1.  In  practice  the  ionosphere  at  large  distances  may  behave  as  if  it  had  a reflection  coeffi- 
cient R = -1,  In  this  case  the  contributions  from  the  ionospheric  images  alternates  in  sign  corresponding 
to  a phase  change  of  rt.  Thus 

2h  co*  P = (n  - £)*  (2Q) 


and  there  is  no  zero  order  mode . 


i'he  electric  field  will  be 


'<  -',v 


The  field  patterns  along  the  directum  of  propagation  are  shown  in  Figure  1 ( for  the  first  and  second 
ordet  mode.  Oie  patterns  will  change  as  indicated  depending  upon  t tie  sign  of  t tie  ionospheric  reflection  co 
efficient.  In  both  cases  it  may  he  shown  that  at  large  distances  only  one  mode  need  he  considered,  which  gre 
great  ly  amplifies  t tie  c output  at  ions , 

t rein  F igure  lt>  we  .ee  ttiat  t tie  wavelengtti  along  t tie  direction  of  propagat  ion  is 


Combining  tins  w 1 1 h equation  (l  U)  we  obtain 

i .1  • ii  ,> 

l\  ’ X1  ^ -*h  UV) 

K 

K.t  v .'ll  U,  V U imagiunry  »ml  tlie  wavt*  u e vunru.-eiK  . ltiere  i-xmts,  the  re  fore,  a miiiinmm  cutoff 
frequency  below  which  wave,  will  not  propagate 


“ " 1 and  an  lonosptteric  height  of  (k<  Km  f ’ kHz.  Obviously,  below  ttiis  frequency  only  t tie  zero 
order  mode  can  propagate.  An  approximate  formula  for  the  vertical  electric  field  of  ttiis  mode  is  given  be 
low  (Howe  WfU).  The  source  is  he  re  assumed  to  be  a horizontal  line  current  of  strength  1 and  length  l and 
would  apply  to  i horizontal  lightning  stroke  or  a horizontal  antenna,  hut  the  propagat ion  chnrncterist ics 
would  not  change  s ign i f leant ly  if  the  source  was  a vertical  current. 

him  ■.••Mu'1  i/<>  , *« 

I 1*4,1  * ...  ( ) (.-*-)»  "*»tf  („>l|) 

Uhj  i i»r  silt  r/s  v 

Mere  to  * effective  i onosphe  r i c height 

v • phase  velocity 

c » eart  ti  conduct  i vi  ty 

e 

a * eart  ti  radius 

r * distance  along  curved  earth 

0 * angle  between  source  current  and  direction  of  propagation 

ii  * attenuation  factor 

I’be  attenuation  factor  i for  Fl.F  i very  small.  Figure  lb  shows  some  measured  values  for  day  and  night 
time  conditions  (I'avis  WfS),  For  frequencies  of  l*‘>- fS  Hz  values  in  the  range  v).U  .'.S  db  Mm  have  been 
measured  for  different  ionospheric  conditions. 

Mode  theory  is  a powerful  tool  in  t tie  study  of  long  wave  propagat  ion,  particularly  over  large  dis 
tance-1..  I'he  theory  has  been  modified  and  extended  to  take  into  account  imperfectly  conduct  ing  boundaries, 
earth  curvature,  and  even  t tie  change  w i t ti  height  of  the  ionospheric  parameters.  Figure  W stiows  >ome  ex 
perimental  and  calculated  attenuation  rates  in  t tie  VlF'  range.  As  will  be  seen,  typical  values  are  l .'  db  Mm. 
For  Fl.F  waves  t tie  attenuation  is  even  le  . . , in  t tie  range  0,^  I . '>  db  Mm.  I’he  attenuation  rate  and  phase 
stability  depend  upon  effective  ionospheric  height  and  upon  the  ground.  In  particular  t tie  .’.reenland  ice  cap 
greatly  increases  the  attenuation  of  waves  propagating  across  it. 

Figure  .\)  shows  t tie  dependence  of  attenuation  rate  and  phase  velocity  of  the  first  order  mode  upon  iono 
• phene  height.  It  will  be  appreciated  ttiat  a lowering  of  t tie  effective  height  caused  by  an  ionospheric 
disturbance  may  significantly  alter  t tie  phase  and  amplitude  of  the  long  waves. 

'.*•  tenet  rat  ion  of  long  wave;,  into  the  iea 


The  need  for  navigation  ami  communicat  ion  for  submerged  vessels  has  renewed  t tie  interest  in  radix' 
waves  w 1 1 ti  frequencies  near  and  below  10  khz,  ince  such  waves  can  penetrate  sea  water  to  some  extent.  I'he 
refractive  index,  n * c v,  is  very  large  for  radio  wave,  in  sea  water.  Phua  t tie  phase  velocity  v of  t tie 
waves  is  much  smaller  than  the  free  space  velocity  of  light  c . I'he  problem  of  commun  i cat  ing  w 1 1 ti  a sub 
marine  is  illustrated  in  Figure  01,  I'he  radio  waves  are  refracted  steeply  into  the  water.  A series  of 
articles  on  t tie  problem  can  be  found  in  IFFF  No  (Wf4), 

We  treat  t tie  problem  of  penetration  of  a radi  ’ wave  into  t tie  sea  by  assuming  a plane  boundary  . * 0 
between  air  and  sea  water,  '.'tie  wave  is  travelling  along  t tit*  boundary  in  the  direction  of  t tie  positive  \ 
axis,  see  Figure  “l,  w i t ti  an  angle  of  incidence  Op  The  total  field  above  the  surface  I\t  is  the  sum  of  an 
incident  and  a reflected  wave.  We  shall  use  indices  a and  b for  field  quantities  above  and  below  the  sur 
face . 


:‘-ea  water  is  a good  electrical  conductor.  I'he  refractive  index  of  an  e lect.  romngnet  ic  wave  travelling 
in  this  medium  may  be  written 


<0 


Typical  numerical  values  are  ^/i  * Ql  and  ■ U mho  m . For  a frequency  of  f * 100  Hz  we  thus  ob- 

n,1  (81  i 7.2- 10s) 

ns  * 1.9  I04(l-i) 

Because  the  real  part  of  the  refractive  index  squared  is  small  compared  to  the  imaginary  part,  we  may 


U v I 2 0K  I 2 

In  I ( ) . n » ( ) (I  i) 

t0W  *.«  ls?7) 

|nsl  27  (K>0  for  f 100  Hz 

Because  of  the  very  large  values  of  the  refractive  index  in  the  sea,  on  ELF  or  VLF  wave  travelling 
in  air  along  the  surface  of  the  sea  will  be  refracted  at  the  air-sea  boundary  and  travel  almost  vertically 
into  the  sea  water,  regardless  of  the  angle  of  incidence.  This  can  be  demonstrated  by  applying  Snell* s law 
to  the  air-sea  boundary. 

Sill  0,  «■  Kc  (||J  Sin  «K  (28) 

where  0j  and  0p  are  angles  of  incidence  and  refraction  respectively,  and  the  refractive  index  in  air  is  as- 
sumed to  be  na^r  * 1.  For  the  limiting  case  of  grazing  incidence,  Oj  * 90°,  and  for  f = 100  Hz  we  find 
Re(ns } 8 2T  000  and  0^  * 0.002°.  In  a real  case  a wave  travelling  in  the  earth-ionosphere  waveguide  will 
have  a wavefront  which  has  a forward  tilt  near  both  boundaries.  Thus  the  wave  described  by  Equation  .( L ) 
will,  in  addition  to  the  dominating  vertical  electric  field  Eza,  have  a small  electric  field  component  E^a 
in  the  direction  of  propagation.  It  is  this  component  that  gives  rise  to  an  electromagnetic  wave  travelling 
nearly  vertically  into  the  sea.  The  magnetic  wave  field  will  be  tangential  to  the  boundary  both  in  the  air 
and  below  the  surface. 

We  now  estimate  the  field  strength  and  attenuation  rate  of  the  wave  penetrating  into  the  sea.  Based  on 
the  above  discussion  we  assume  that  the  wave  is  travelling  in  the  direction  of  negative  z,  with  its  elec- 
tric field  along  the  x-axis.  The  wave  may  therefore  be  described  by 

in.cjz/c 

E .*  E c 

xb  Xbo  (29) 

where  n is  the  refractive  index  and  Ex.  is  the  electric  field  just  below  the  surface. 

s xbo 

We  insert  the  approximate  value  of  na  given  by  Equation  (27)  and  find 

o,  (J  |/1  °$u)  Vi 

fcxb  fcXb.,f  (30) 

Since  is  negative,  the  last  factor  gives  an  attenuation  rate.  We  note  that,  the  amplitude  has  fallen 
to  a value  Exl)/e  at  a depth 

2f „ c*  w I 

*5  * o,  w (»f  o,/j0),/j  (31) 

where  f is  the  wave  frequency  and  c * ( WQt- 0 ) ’ • 

The  depth  «S„  is  called  the  skin  depth.  At  f * 100  Hz,  <S  : 25  m.  The  phase  velocity  of  the  wave  is 


VPh  Rr(n5l  K/l’foW)1 


and  the  wavelength 


a 1,  - -i(  - 1 4"  t11  /4,r  V )” 

8 VP^  (os/2e0to),/J  o%(no  os  c p0  (33) 

where  X^  is  the  free  space  wavelength. 

The  attenuation  at  a depth  z 3 -X  is  from  ( 10 J and  (31) 

l®»bl  * 'ExJ  *'**  ■ , 86  ,0'J  1 Kxt,.,'  ^ 

This  is  equivalent  to  an  attenuation  rate  of  ‘>5  dB  per  wavelength,  and  the  wave  is  thus  very  rapidly 

absorbed  in  the  medium. 
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We  may  therefore  conclude  that  in  order  to  reach  a submerged  vessel,  the  radio  waves  must  travel  in 
air  to  a point  directly  above  the  vessel,  and  then  propagate  vertically  downwards,  to  the  ship.  Communica- 
tion over  long  distances  in  sea  water  will  be  impossible. 

Our  next  step  is  to  estimate  the  magnitude  of  £x  , that  is  the  electric  field  just  below  the  surface 
of  the  sea,  from  the  knowledge  of  Eza  the  vertical  electric  field  of  the  wave  in  air  just  above  the  surface. 
We  assume  that  in  air  Eza  is  given  by  Equation  (2k)  at  a distance  r from  the  transmitter.  We  further  assume 
that  the  horizontal  magnetic  field  Hya  is  related  to  Eza  through 

«ya  = ~S~k E «.  Z°  = O'*  s = sin  0!  *=  1 (35) 

where  the  subscript  a refers  to  fields  just  above  the  boundary.  Since  the  magnetic  field  must  be  continuous 
across  the  boundary,  the  field  just  below  the  surface  is 

“yt  = Hy.  (36) 

We  again  assume  that  the  wave  below  the  surface  travels  along  the  negative  z-axis  with  its  electric 
field  along  the  x-axis  as  given  by  Equation  (29).  Maxwell's  equation  gives 

V X E = ~ Mo  §7  = -igowfi  (37) 

where  3/3t  = irn  is  assumed. 

In  our  case  3/3x  = 3/3y  = 0 

3EXh 

(38) 


and  from  Equation  (29) 


^=in,rE*b=-i"'‘°Hyb 


This  yields 

E*b  n,  ‘S'b  ~ n$  Hyb 

Just  below  the  surface  we  have  from  (35)  and  (1*0) 

E*bo 

and  from  ( 27 ) 

IE. 


xbo 


e0  uj  i n 

- IEz 


(39) 


(1*0) 


(Ul) 


Combining  this  expression  with  (30)  and  ( 31 ) we  find 


IE 


xb 


2*rfe0  i/j  (»f oJp0)1,,i  , 

-5T)  * "W 


(1*2) 


From  Equation  (U2)  we  can  estimate  the  horizontal  electric  field  l£xbl.  at  a depth  d = -z  below  the  sur- 
face when  the  vertical  electric  field  |E  | above  the  surface  is  known.  It  is  convenient  to  introduce  nu- 
merical values  at  this  stage.  Assuming  the  conductivity  os  = 1*  mho  m'^  we  obtain 

lE^I 1\  EZil  = 3.727  • I0'6\/r  e" J-974  10  3\/f’d  (1*3) 

Figure  22  shows  the  ratio  |Ex^|/|Eza|  as  a function  of  depth  for  several  frequencies  in  the  range 
10  Hz  to  10  kHz.  Curves  for  100  kHz  and  1 MHz  have  also  been  added  for  comparison. 

We  note  that  at  a particular  depth  there  seems  to  be  an  optimum  frequency  that  gives  the  greatest  field 
strength,  bifferentiating  (1*3)  with  respect  to  f,  we  find  this  optimum  frequency  as 

fopt  = 6.332- 10- /dJ  (1.1.) 

Table  1 summarizes  some  properties  of  long  waves  in  air  and  water.  From  a practical  point  of  view,  waves  at 
10  kHz  may  probably  be  useful  down  to  heights  of  15*20  m,  whereas  100  kHz  waves  probably  cannot  be  detected 
at  depths  greater  than  the  amplitude  of  normal  ocean  waves. 
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i'able  1 Important  parameters  for  electromagnetic  waves  propagating  in  air  and  seawater 
(js  * U mno  nf*) 

2.  t>  The  noise  environment 

Signals  must  of  course  be  detected  through  a background  of  noise,  and  a knowledge  of  the  natural  as 
well  a',  the  man-made  noise  environment  is  essential.  The  noise  environment  in  the  low  frequency  region  con- 
sists of  noise  from  three  kinds  of  sources: 

a)  Atmospheric  noise.  Tins  noise  is  generated  by  electrical  discharges  in  the  atmosphere.  A lightning 
flash  is  an  extremely  strong,  short-lived  current  that  produces  a broad  noise  spectrum  with  a peak 
around  10  kHz.  Throughout  t.he  world  the  average  discharge  rate  is  about  100  per  second,  but  the  noise 
sources  are  concentrated  in  three  areas,  the  thunderstorm  centres  in  Central  Africa,  South  America  and 
in  South-East  Asia.  There  is  of  course  a distinct  seasonal  and  diurnal  variation  in  the  intensity  of 
these  sources,  and  because  of  the  low  attenuation  the  sources  will  contribute  to  the  noise  background 
over  the  whole  globe. 

b)  Noise  generated  in  the  magnetosphere.  This  noise  is  generated  through  the  interaction  of  particles  in 
the  solar  wind  with  the  magnetospheric  plasma,  and  penetrates  the  ionosphere  in  the  whistler  mode.  Hiss 
dawn  chorus,  are  such  noise  sources. 

c)  Man-made  noise.  Such  noise  is  created  by  powerlines  and  electrical  machinery.  As  will  be  appreciated, 
there  are  significant  peaks  in  the  noise  spectrum  at  50  Hz  and  60  Hz.  Long  power  lines  are  efficient 
antennas  in  the  ELF  range . 

Concerning  detection  of  long  waves  under  the  sea  surface  it  should  be  noted  that  atmospheric  noise 
arriving  from  distant  sources  will  refracted  at  the  sea  surface  in  the  same  way  as  signals  from  a transmit- 
ter. The  signal-to-noise  ratio  below  the  surface  should  therefore  not  be  significantly  different  from  that 
above . 


3 PRINCIPLES  OF  VLF  AND  LF  NAVIGATION  SYSTEMS 

We  have  discussed  the  propagation  of  waves  below  300  kHz  in  some  detail.  It  is  clear  that,  particular- 
ly in  the  lower  part  of  the  frequency  range,  the  waves  can  propagate  to  large  distances  with  little  attenu- 
ation. The  ionosphere  clearly  has  important  influence  on  the  propagation,  but  the  signals  are  nevertheless 
much  less  sensitive  to  changes  in  the  ionosphere  than  HF  waves.  Since  the  long  waves  are  reflected  below 
100  km  they  are  of  course  not  influenced  at  all  by  the  great  variability  of  the  F-region.  The  lower  iono- 
sphere at  middle  and  low  latitudes  is  very  stable  and  has  a systematic  and  predictable  diurnal  variation. 

At  high  latitudes  severe  disturbances  may  occur,  but  whereas  HF  communication  is  often  completely  disrupted 
under  such  conditions,  the  long  waves  reflected  off  the  bottom  of  the  ionosphere  will  be  less  severely 
affected  and  may  even  have  their  signal  strengths  increased. 

The  small  attenuation  and  the  great  phase  stability  make  the  long  waves  attractive  for  communication, 
timing  and  navigation  purposes.  Of  course,  the  small  available  bandwidth  at  low  frequencies  limits  the 
usefulness  for  communication,  but  a fair  number  of  VLF  transmitters  are  in  use  throughout  the  world.  One  of 
the  best  known  is  perhaps  the  Rugby  transmitter  in  England  which  operates  on  16  kHz.  Wherever  high  reliabi- 
lity is  required  for  low  data  rates,  such  transmissions  are  of  importance. 

Navigation,  both  at  sea  and  in  the  air,  is  perhaps  the  area  where  the  long  waves  are  most  useful  today. 

Several  navigation  systems  based  upon  long  waves  have  been  developed.  In  this  section  we  wi-1  very 
briefly  describe  the  principles  of  the  three  most  important  systems.  Omega,  Decca  and  Loran  C,  (Hurgess 
1^77).  'Hie  next  section  will  discuss  the  propagat ional  limitations  of  these  systems. 

Two  different  principles  are  used  for  long  wave  navigation,  one  depends  upon  measurements  of  phase 
differences  between  continuous  waves,  the  other  upon  measured  time  differences  between  pulsed  signals  from 
several  transmitters.  The  first  principle  is  called  hyperbolic  navigation  and  is  illustrated  in  Figure  23. 
Here  A and  H represent,  two  navigation  transmitters  joined  by  a baseline  AH.  The  two  transmitters  radiate 
synchronous  signals  at.  the  sane  frequency  but.  in  a t ime-sharing  mode.  A receiver  capable  of  detecting  the 
phase  difference  between  the  signals  from  the  two  transmitters  will  measure  such  a difference  at  all  points 
away  from  the  normal  in  the  midpoint  of  the  baseline.  The  locus  of  all  points  having  the  same  phase  diffe- 
rence is  a hyperbola,  or  rather  a family  of  hyperbolas,  since  we  realize  that  there  must  be  an  inherent 
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ambiguity  of  2*  in  the  phase  determination.  'Hie  area  between  two  hyperbolas  is  called  a "lane",  and  the 
width  of  a lane  along  the  baseline  is  half  of  the  transmitted  wavelength.  If  we  now  use  a third  station 
together  with,  say,  station  A,  we  obtain  another  family  of  hyperbolas  that  cross  the  first  one.  Thus  i f we 
by  other  means  have  obtained  a coarse  "fix"  or  position  so  that  we  know  which  two  lanes  we  are  in,  an 
accurate  position  can  be  obtained,  'lYie  accuracy  of  a "fix'1  will  of  course  depend  on  the  geometry  of  the 
position  relative  to  the  transmitters.  Wherever  the  hyperbola's  cross  at  small  angles  poor  resolution  re- 
sults. If  the  ship  or  aircraft  3tarts  out  from  a known  position,  it  can  navigate  by  counting  the  number  of 
lane;,  through  which  it  is  passing,  and  as  long  as  it  does  not  lose  track  of  the  three  necessary  transmitters 
it  will  always  know  its  position. 

Both  Omega  and  Decca  employ  the  principle  of  hyperbolic  navigation,  whereas  Loran-C  uses  pulsed  sig- 
nals. 


i . 1 The  Omega  system 

The  Omega  system  is  a worldwide  navigational  aid  operating  in  the  band  between  10  and  lU  kHz.  At  pre- 
sent eight  stations  provide  near  global  coverage.  A fully  implemented,  permanent  system  is  expected  to  be 

in  operation  in  the  near  future.  Detailed  descriptions  of  the  system  are  given  by  Swanson  (1977)  and  refe- 

rences therein.  The  eight  stations  (see  Figure  2U)  provide  very  long  base  lines,  and  transmit  a series  of 
frequencies  in  a time  multiplex  format . The  basic  navigation  frequencies  are  10.2,  11  1/3  and  13*6  kHz, 
but  each  station  has  additional  unique  frequencies  that  may  be  used  for  navigation  by  distance  measurements 
based  on  a cycle  counting  technique.  Omega  may  be  used  in  different  modes: 

a)  Using  a single  frequency,  lines  of  position  (lop)  at  the  baseline  with  ambiguities  of  15  km  (10.2  kHz) 

are  provided 

b)  Combining  several  frequencies,  lop's  of  ambiguity  1*5  km  (10.2  and  13.t>  kHz)  and  135  km  (10.2  and 
11  1/3  kHz)  may  be  obtained 

c)  Differential  Omega  uses  monitoring  stations  to  correct  for  propagat ional  variations  within  a few  100  km 
of  the  user. 

In  mode  a)  typical  accuracies  are  1-3  km,  in  mode  b)  lane  identification  is  eased,  whereas  mode  c)  may 
give  improved  accuracy  of  0.5  - 1 km  in  limited  areas.  Omega  accuracy  is  limited  by  the  propagation  charac- 
teristics of  the  ionosphere-earth  waveguide. 


3.2  Ihe  Decca  system 

The  Decca  system  operates  on  frequencies  in  the  range  70  to  100  kHz.  It  is  a hyperbolic  CW  system  designed 
for  high  accuracy  at  medium  range.  About  50  Decca  chains  have  been  installed  throughout  the  world,  each 
chain  consisting  of  one  master  and  two  or  three  slave  stations. 

The  master  and  slave  stations  transmit  on  different  frequencies,  which  are  converted  in  the  receiver  to  a 
single  frequency  for  phase  comparison.  Navigation  depends  upon  the  ground  waves,  and  because  of  the  phase 
stability  of  the  ground  wave,  very  accurate  positioning  can  be  obtained.  The  wave  reflected  from  the  iono- 
sphere is  heavily  absorbed  at  these  frequencies,  at  steep  incidence  during  t he  day.  However,  beyond  a few 
hundred  km  the  ionospheric  reflection  becomes  stronger*  and  because  the  ground  wave  at  100  kHz  is  fairly 
rapidly  attenuated,  interference  between  ground  and  skywaves  may  occur  and  reduce  the  accuracy  of  the  sys- 
tem. Idle  range  of  the  Decca  system  is  therefore  only  of  the  order  of  300  - U00  km,  and  will  vary  with  iono- 
spheric conditions.  Accuracies  of  about  100  m may  be  obtained  for  pure  ground  wave  propagation.  For  iono- 
spheric propagation  to  greater  distances  the  difference  in  the  reflecting  properties  of  the  ionosphere 
within  the  frequency  range  may  be  a problem. 
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1 1 ldie  Loran-C  ays  tern 

Loran-C  is  a very  accurate  navigation  system  using  pulsed  radio  signals  with  a carrier  frequency  of 
100  kHz.  A chain  of  stations  may  consist  of  a ’’master"  ami  two  or  more  "slaves"  and  may  cover  a geographical 
legion  with  a radius  f up  to  2000  km.  An  example  is  the  existing  chain  in  the  North  At  lantic  with  a master 
station  at  Faertfy  Islands  and  slaves  at  Jan  Mayen,  Iceland  ami  North  Norway.  The  pulses  transmitted  from 
stations  in  the  chain  are  synchronized  with  great  precision,  ami  the  user  determines  his  position  by  measur- 
ing the  time  delay  between  signals  received  from  different  stations.  The  great  advantage  of  the  Loran-C  is 
that  the  ground  wave  pulse,  because  it  arrives  first  at  the  receiver,  can  normally  be  separated  from  the 
skywave.  Accuracies  of  position  determination  of  150  m up  to  distances  of  1800  km  are  quoted  as  typical  in 
the  literature  (Potts  1972).  Each  station  transmits  pulses  in  a coded  pattern  that  ensures  correct  identi- 
fication and  prevents  interference. 


U.  INFLUENCE  OF  THE  PROPAGATION  MEDIUM  UPON  THE  ACCURACY  OF  VLF  AND  LF  NAVIGATION  SYSTEMS 

As  we  have  seen  both  the  state  of  the  ionosphere  ami  the  properties  of  the  earth's  surface  influence 
the  accuracy  of  the  long  wave  navigation  systems.  The  ionosphere  has  characteristic  regular  and  irregular 
variations  in  time  and  space,  and  the  condition  of  the  terrain  and  sea  will  change  with  position,  but  also 
to  some  extent  with  time.  To  what  extent  is  it  possible  to  predict  and  to  correct  for  such  changes? 


un: 


U,  1 The  influence  of  the  earth*  s surface 

The  velocity  of  a radio  wave  along  the  earth’s  surface  will  depend  upon  the  value  of  the  soil  or 
water’s  refractive  index,  or  conductivity,  but  also  upon  the  contours  of  the  terrain  along  the  ray  path. 
The  conductivity  should  be  known,  not  only  on  the  surface,  but  down  to  the  skin  depth  in  the  soil  ^see 
Equation  (31).  The  most  dramatic  effect  of  anomalous  ground  conductivity  is  observed  for  VLF  waves  cross- 
ing the  Greenland  icecap  (see  Figure  > in  Thrane  (this  volume)).  For  the  Omega  system,  a spatial  theory 
developed  by  Swanson  (1971),  takes  into  account,  the  effect  of  ground  conductivity.  The  propagation  paths 
are  divided  into  segments  and  the  phase  delay  estimated  for  each  segment  using  coefficients  describing  the 
properties  of  the  soil  and  ionosphere.  In  daytime  and  evening  the  phase  velocity  of  the  waves  decreases 
monotonically  with  decreasing  ground  conductivity,  down  to  a conductivity  of  10“^  mho  nT^.  For  smaller 
ground  conductivities  a rapid  increase  in  phase  velocity  is  predicted.  For  certain  paths  anomalous  phase 
variations  art*  still  unexplained,  and  muy  be  due  to  the  effects  of  stratified  irregular  ground  U'wanson 
1977).  The  errors  for  Omega  signals  from  North  Dakota  received  in  Europe  and  the  Medi terranean  are  about 
18  centicycles,  or  five  standard  deviations. 

Hie  effects  of  irregular  terrain  contours  on  Loran-C  signals  have  been  studied  by,  for  example  Johler 
(1977).  Figure  *75  illustrates  the  effect  of  a hill  upon  the  phase  of  the  ground  wave.  In  this  case  a dis- 
turbance of  the  order  of  v).5  us,  corresponding  t.o  150  m,  is  introduced.  Obviously  if  better  accuracy  is 
required,  detailed  modelling  of  the  terrain  in  the  area  of  interest  is  necessary. 


U . 0 Modelling  of  the  regular  ionospheric  variations 

For  the  Omega  system  modelling  of  the  regular  diurnal  and  seasonal  variation  are  included  in  the  phase 
correction  tables  used  with  the  system.  A diurnal  function  is  defined  (Swanson  1977)  which  gives  the  tran- 
sition from  stable  night  conditions  to  daytime  conditions  (see  Figure  .v).  'Hie  propagation  path  is  divided 
into  segments  and  for  each  segment  the  phase  delay  is  computed  using  the  diurnal  weighting  function.  The 
total  delay  over  a long  path  is  then  found  by  summing  incremental  delays  over  all  segments.  Except  in  the 
rapid  transition  periods  near  sunrise  and  sunset,  the  diurnal  function  is  a good  predictor  of  relative 
phase  variation. 


^ Influence  of  disturbances  on  navigation  accuracy 

The  different  types  of  ionospheric  disturbances  have  been  treated  in  some  detail  in  a previous  lecture. 
In  this  section  we  shall  show  a few  examples  of  the  influence  of  disturbances  on  Omega  and  Loran-C.  Larsen 
(1977)  has  discussed  results  from  300  000  hourly  observations  of  Omega  signals  at  high  latitudes.  From  his 
work  we  show  Figure  27  which  demonstrates  the  occurrence  distributions  of  phase  offsets  during  solar  x-ray 
flares.  In  1968  the  flare  effects  on  Omega  had  a mean  duration  of  individual  events  of  '55  minutes,  with 
a standard  deviation  of  '30  minutes.  Mean  phase  dev;ation  was  523  centicycles,  which  translates  into  a 
positional  error  of  about  U km  under  favourable  system  geometry.  Figure  08  shows  the  phase  offset  during 
a solar  proton  event  (PCA).  During  1968-70  13  solar  proton  events  gave  a mean  maximum  phase  offset  of 
38  centicycles,  corresponding  to  a positional  error  of  ~7  km.  The  largest  observed  phase  offset  was 
60  centicycles. 

Loran-C  signals  may  also  be  influenced  by  disturbances.  Larsen  and  Thrane  (1977)  have  demonstrated 
that  interference  between  ground  wave  and  skyvave  under  certain  conditions  may  cause  navigation  error.  . 
Figure  29  shows  schematically  the  Loran-C  pulse  as  transmitted,  and  as  received  in  the  presence  of  noise 
and  skyvaves.  The  time  delay  of  the  received  ground  wave  is  measured  at  the  third  swing  in  the  pulse,  30  us 
after  the  start  of  the  signal.  Even  though  the  ground  wave  will  always  arrive  before  the  skyvave,  there  is 
a possibility  that  a strong  skyvave  pulse  arrives  less  than  30  us  later  than  the  ground  wave  pulse,  caus- 
ing interference  at  the  sampling  point.  This  situation  may  arise  when  the  ground  wave  suffers  large  delay 
across  poorly  conducting  or  irregular  ground,  and  when  the  skyvave  reflection  height  is  significantly 
lowered  during  a disturbance.  For  propagation  over  poorly  conducting  land.  Figure  30  shows  time  differences 
between  received  ground  wave  and  skyvave,  versus  distance,  for  various  ionospheric  reflection  heights. 

Table  2 shows  computational  results  for  three  ionospheric  models.  The  distances  given  indicate  roughly 
where  interference  may  occur.  For  each  ionospheric  model  and  each  type  of  ground,  the  largest  distance 
listed  indicate  the  zone  near  the  transmitter  where  interference  between  ground  wave  and  skyvave  cannot 
occur. 
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At  distances  beyond  2000  km  the  skywave  will  normally  dominate,  and  positioning  accuracy  depends  upon 
the  stability  of  the  ionosphere.  At  2000  km  a 10  km  height  change  in  the  ionosphere  may  give  a phase  change 
of  20  us  corresponding  to  a position  error  of  6 km.  In  extreme  cases  the  reflection  height  at  100  kHz  may 
change  as  much  as  30  km  during  strong  solar  proton  events. 
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Figure  1 A simple  antenna  model 


Figure  2 The  polar  diagram  for  the  simple  antenna 


Figure  3 A large  VI»F  antenna  installation 
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Figure  4 Amplitude  and  phase  of  VLF  ground  waves.  (Wait  and  Howe, 1972) 
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A compilation  of  ionospheric  determinations  of  W during 
undisturbed  conditions  (Johannessen, 1974)  r 
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Figure  7 Electron  density  profiles  for  undisturbed  night 
conditions. 
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Figure  13  Wave  fields  computed  by  a "full  wave"  method  for  a wave 
of  18  kHz  vertically  incident  on  an  ionosphere  with 
vertical  magnetic  field.  The  electron  density  profile 
used  in  the  computations  is  also  shown. 

— — — Modulus  of  field,  Real  part,  - — imaginary  part 

R and  T are  reflection  and  penetration  coefficients. 
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Figure  14  Modulus  of  electric  as  a function  of  height  for  a wave 
of  18  kHz  incident  on  an  exponential  electron  density 
profile  at  three  angles  of  incidence:  1=0,1=  40”, 

I = 80°.  The  horisontal  bars  indicate  the"triangulation 
height" of  reflection. 


TOTAL  FIELD  STRENGTH  X DISTANCE 


0 200  400  600  800  1000 


DISTANCE  km 


Figure  15  Vertical  electric  field  x distance  for  the  sum  of  ground 
wave  and  skywave.  Computations  were  made  for  a moderately- 
disturbed  auroral  ionospheric  D-region,  at  10,2  kHz. 


Figure  16  Illustrating  the  principle  of  mode  theory. (Davies, 1965) 
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Figure  17 


E-field  patterns  for  first 
and  second  order  modes  in 
an  idealized  earth-ionosphere 
waveguide  (Davies,  1965). 


Figure  1C 


Measured  values  of  ELF 
attenuation  rates. 
(Davis,  1974) 
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Figure  19 


Examples  of  measured  and 
calculated  VL.F  attenuation 
rates  for  nighttime  con- 
ditions(Wait  and  Spies, 196 


Figure  20 


VLF  attenuation  rates 
computed  for  different 
ionospheric  heights. 
(Wait  and  Spies , 1 9r4 ) 


I' igure  24  Planned  complete  Omega  navigation  system. 
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Figure  25  Secondary  phase  correction  as  a function  of  distance 
from  a Loran-C  transmitter,  depicting  the  effect  of 
a hill  1000  m high  at  100  km,  and  a seawater  expanse 
at  distances  greater  than  125  km.  Also  given  is  the 
secondary  phase  correction  for  smooth  homogeneous 
land  (Johler,  1977). 


Figure  26  The  diurnal  function  for  weighting  phase  velocities 
at  Omega  frequencies .( Swanson , 1 977) 
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a A-B  at  Oslo  1968 
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Figure  27  Omega  phase  difference  offset  for  Norway  minus  Hawai 
(A  - C)  and  Norway  minus  Trinidad  (A  - B)  measured  at 
Spitsbergen  during  solar  X-ray  flares  in  1968. 
(Larsen, 1977 ) 
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Figure  28 


Omega  phase  difference  offset  for  Norway  minus  Hawai 
(10.2  kHz)  received  in  Hamnerfest  during  a solar 
proton  event  in  February-March  1969,  compared  with 
fluxes  of  energetic  solar  protons  ( > 10  MeV). 
(Larsen,  1977) 
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Abstract 

The  Lecture  Series  will  review  modelling  and  prediction  topics  which  have  been  presented  at 
a number  of  meetings  of  the  AGARD  Electromagnetic  Wave  Propagation  Panel  in  the  last  few 
years.  Modelling  and  Prediction  Schemes  of  the  aerospace  radio  and  optical  propagation 
environment  based  on  media  characterization  have  become  essential  to  meet  requirements  of 
operational  accuracies  in  communication,  navigation,  and  surveillance  in  military  and  civilian 
systems. 

The  lectures  include  the  following  topics: 

- General  modelling  and  prediction  schemes  / 

- Aerospace  (atmosphere,  ionosphere,  and  the  space  environment)  media-characterization  ,• 

- Short-  and  long-term  prediction  techniques  across  the  RF  and  optical  spectrum  and 
agreement  with  observational  data/ 

- Detection  and  communications  through  scattering  channels 

- Adaptability  of  prediction  techniques  to  radio  and  optical  communication,  navigation  and 
surveillance  systems  operating  in  the  aerospace  environment, 

--  Effects  of  geophysical  disturbances  on  the  state  of  the  media  and  their  predictability 

> 

The  material  in  this  publication  was  assembled  in  support  of  a Lecture  Series  under  the 
sponsorship  of  the  Electromagnetic  Wave  Propagation  Panel  and  the  Consultant  and 
Exchange  Programme  of  AGARD. 


AGARD  Lecture  Series  No.99  AGARD-LS-99  AGARD  Lecture  Series  No.99  _ AGARD-LS-99 

Advisory  Group  for  Aerospace  Research  and  Advisory  Group  for  Aerospace  Research  and 

Development,  NATO  Electromagnetic  wave  Development,  NATO  Electromagnetic  wave 
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